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INTRODUCTION 


Pole blight is a disease or abnormal condition of 
western white pine affecting trees in northern Idaho, 
western Montana, eastern Washington, and southern 
British Columbia. It is restricted to pole-sized trees 
and is characterized by a yellowing of the foliage of 
the upper crown of the tree and at times by cambial 
necrosis usually accompanied by resinosis of the stem, 
general growth reduction, and always followed by de- 
cline and death of the tree. The status of the disease 
has been reported by Wellner (8) and by Wright 
and Graham (9), and the symptoms have been de- 
scribed in detail by Buchanan, et al (3). In spite of 
the considerable amount of investigation on the dis- 
ease, its cause is not yet known. 

Analyses in our laboratory have shown that phos- 
phorus is somewhat higher in concentration in the 
yellow foliage in the upper crown of the diseased trees 
as compared with the concentration in the green foli- 
_ age of adjacent healthy trees. In contrast, most other 
' elements are found in lower concentration in the foli- 
age in the upper crown of the diseased trees as com- 
pared with that of the healthy ones. For this reason, 
it was decided to study the differences in transloca- 
tion and deposition of phosphorus in these trees with 
the use of phosphorus 32. 


1 Received revised manuscript June 19, 1959. 

* This work was supported by a grant from the Atomic 
Energy Commission, ‘Contract AT(45-1)-373 and by 
Special Research Project 11B of the University of Idaho. 

3 Present address: School of Forestry, Oregon State 
College, Corvallis. 

* Present address: General Electric Co., Schenectady, 


MATERIALS AND METHODS 


Areas in the Deception Creek Experimental Forest 
within the Coeur d’Alene National Forest and an area 
near Clarkia in the St. Joe National Forest were 
selected for the study. Some trees in the work areas 
had typical pole blight symptoms, were 60 to 70 years 
old, and were 65 to 90 ft in height. The experimental 
work was carried out during the summers of 1951, 
1952, and 1954, mostly during June, July, and August, 
on trees which ranged from apparently healthy speci- 
mens through individual trees in various stages of 
pole blight. Some of the trees were dominants in the 
stand (full light from above and some laterally) and 
some were codominants (full overhead light but little 
direct lateral light). 

In planning the research, we had hoped to be able 
to introduce phosphorus 32 into the trees by normal 
absorption through the roots and to follow its trans- 
location upward. From our preliminary studies it 
was apparent, however, that we would be unable to 
introduce sufficient activity into such large plants by 
normal means without seriously contaminating the 
site. Consequently we were forced to resort to in- 
jection directly into the stem. 

To prepare the trees for injection, large metal or 
tar paper cups were cut and nailed or stapled to the 
stem after smoothing off the rough spots on the bark. 
The junctions between the cups and the boles were 
sealed with asphaltum. Three such metal cups were 
attached to the large trees and two to the smaller ones ; 
in these cases placement of the cups included most of 
the circumference. The tar paper cups completely 
encircled the stem. To accomplish injection, the cups 
were nearly filled with a carrier solution of approxi- 
mately pH 4 and 0.001 M with phosphate ion. Then 
the bark was pierced with a wood chisel to make a 
cut into the xylem approximately an inch deep, close 
to the junction of the tree and the cup. In no case 
was the tree completely girdled, however. After the 
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Fic. 1 (upper left). Distribution of phosphorus 32 in foliage of a representative tree (pole blighted) at several 
sampling intervals. 

Fic. 2 (upper right). Percentage distribution of phosphorus 32 in l-year-old foliage in crowns of nine healthy 
trees 8 to 80 days after injection. 

Fic. 3 (middle left). Average percentage distribution of phosphorus 32 in l-year-old foliage in crowns of nine 
healthy trees 8 to 80 days after injection, with an aberrant healthy tree shown for contrast. 

Fic. 4 (middle -right). Percentage distribution of phosphorus 32 in l-year-old foliage in crowns of pole blighted 
trees with well-developed symptoms in 8 to 80 days after injection. 

Fic. 5 (bottom). Percentage distribution of phosphorus 32 in 1-year-old foliage in crowns of three early stage 
pole blighted trees 8 to 80 days after injection. 
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cutting operation, the phosphorus 32 in the form of 
0.001 M phosphoric acid was pipetted into the cup to 
be taken up with the carrier solution. The trees re- 
ceived 2 to 9 liters of solution with from 0.9 to 5.8 
millicuries of phosphorus 32; complete absorption from 
the cups took from 4 to 24 hours. 

The foliage of the trees was sampled by climbing 
them with the aid of a ladder and cutting down the 
required branches. The whorls were numbered be- 
ginning with the bottom living whorl and the sampling 
was begun in the lower crown of the trees starting 
with the first reasonably symmetrical live whorl and 
continuing up the crown, sampling at five whorl in- 
tervals to the top of the tree. Usually it was impossi- 
ble to get closer than the fifth whorl from the top 
because the upper branches were too small for support. 
To obtain needles from a given whorl, needles from 
the terminal shoot, outer twigs, and inner twigs were 
taken from each branch to insure a complete sam- 
pling. The l-year-old needles were collected for 
analysis. Samplings of the foliage were made 2 to 5, 
8 to 20, and 45 to 80 days after injection. Not all 
trees were sampled at all of these intervals, however. 


In preparation for analysis, the needles were dried 


in a forced-draft oven at 70° C and then ground to 
a 40-mesh powder in a Wiley mill. Five grams of 
this material was compressed into a briquet according 
to the method of MacKenzie and Dean (5) and the 
leaf samples were radio-assayed in this form. A thin 
window Geiger-Mueller counter tube was used for 
the counting: the counting rates were corrected for 
coincidence loss, background, half-life (to time of in- 
jection), and sample weight, so that final data were 
in terms of counts per minute per gram of dry tissue. 
These counting rates were not corrected to 100 per 
cent geometry and so were not expressed in absolute 
numbers of counts. In addition, the total phosphorus 
for most samples was determined by wet digestion 
followed by the colorimetric molybdo-vanadate method 


(2). 


RESULTS 


For comparisons of the accumulation patterns of 
the trees, three different collection periods (2-5, 8-20, 
and 45-80 days after injection) were available for 
some trees, two were available for some, and only one 
for a few. Figure 1 shows the increase in accumula- 
tion with time for a representative pole blighted tree. 
The samples were not all made at the same whorls on 
the different collection periods. The increase in ac- 
cumulation with time, came about apparently as the 
result of initial accumulation and then release of some 
Phosphorus 32 in both xylem and phloem in its pas- 
Sage up the tree. Radioautographs of trunk sections 
taken 10 to 15 days after injection showed such ac- 
cumulations as did the readings of a portable Geiger 
counter. Because the amount of accumulation in the 
foliage varied with time, the longest sampling period 
after injection was used for the computations. It was 
necessary to use data for 8-day collections for two 
trees because no other collections were made for them. 


Counting rates in the foliage of the various trees 
varied a great deal, with the rate in one tree varying 
from 1,000 to 40,000 counts per minute per gram of 
tissue while the counting rate in another tree might 
vary from 50,000 to 250,000. A number of reasons 
account for these differences, the most prominent being 
the amount of foliage in a tree, the amount of radio- 
isotope injected, and the differential amounts accum- 
ulated in the trunks of the trees on the passage up- 
ward. There was no indication of a difference in 
total foliar accumulation between diseased and healthy 
trees, however. The counts per minute per gram of 
tissue varied too widely between trees to show the 
relationships for all trees clearly on one graph, so 
they were transformed to percentage data with the 
highest counting rate in a given crown being desig- 
nated as 100 %. 

The distribution of phosphorus 32 in the crowns 
of the nine healthy trees is shown in figure 2. The 
general trends in these trees is for an increased ac- 
cumulation proceeding up the crown. The crowns 
had different lengths and are plotted with the bottom 
as a common point of origin. The last whorl plotted 
for each tree is from 5 to 8 whorls from the extreme 
tip. If the plotting was done from the top as point of 
origin instead of the bottom, no apparent difference 
in accumulation pattern was evident. 

The nine healthy trees were sufficiently similar 
in general accumulation that the data were transformed 
for pooling. To do this, the data of the longest crown 
was used as a standard and the other eight were 
exploded to crowns of equal size. The largest crown 
had 37 whorls and in a smaller-crowned tree with 26 
whorls, for example, a whor! such as 16 would become 
whorl (37/36 xX 16) = 23, corresponding to whorl 
23 on the tree with 37 whorls. The average distribu- 
tion of phosphorus 32 by this pooling method is shown 
in figure 3. One healthy tree included neither in this 
group nor in figure 2 is shown separately in figure 3. 
This tree was completely different in behavior from 
the other healthy trees. The reasons are unknown 
although the tree may have been in an early, unrecog- 
nizable stage of pole blight. 

The possibility that the aberrant healthy tree above 
might have been an early, unrecognizable pole blighted 
tree was suggested by the data of figure 4. Here the 
six known pole blighted trees with well-developed 
symptoms showed a trend of decreased accumulation 
in the upper, chlorotic portions of the crown as com- 
pared with the lower part of the crown. No differ- 
ent pattern emerges from this data if it is plotted with 
the top instead of the bottom of the crown as a base. 
In other words, there seems to be no tendency for 
maxima to appear at a different common morpho- 
logical point in relation to the apex than in relation 
to the bottom of the crown. No attempt is made to 
show an average trend of data although it is clear 
that accumulation decreases with height in the crown. 

In figure 5, three trees in what we took to be the 
early stages of the pole blight condition are shown. 
The accumulation patterns are more like those for 
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the healthy trees of figure 2. All 3 had only trunk 
symptoms of the disease with no crown symptoms. 

In order to see if the accumulation of phosphorus 
32 on a specific activity basis would show any differ- 
ent patterns, specific activities (counts/min/mg of 
total phosphorus) were calculated for all samples. 
The data are not presented here but they show the 
same trends of accumulation as are given in figures 
2, 3,4, and 5. 

Another aspect investigated in two different years 
was the rate of movement of the phosphorus 32 in the 
stem after injection. To determine rates, the lower 
and middle crown foliage were sampled each day 
after the injection until activity significantly above 
background could be detected. The distance from 
this point to the point of injection was measured and 
the rate of movement was calculated, assuming straight 
grain in the tree. Generally two to four days were 
required for movement into the crown, but when 
movement was slow due to cloudy or rainy weather 
and high humidity, ten or more days were required for 
detectable quantities to reach the crown. The results 
of the measurements taken at several times are shown 
in table I. The data show that the rate of movement 
is more rapid in the pole blighted than in the healthy 
trees. One exception (32 cm/hr in the healthy com- 
pared with 23 cm/hr in the pole blighted) involved a 
tree in what appeared to be the very early stages of 
pole blight. In addition to the data presented in table 
I, qualitative data on the rate of movement of phos- 
phorus 32 were obtained in other related studies. 
In these we found that four of five pole blighted trees 
injected had a considerable amount of phosphorus 32 
in their crowns 4 days after injection while at the 
same time interval there was only a small amount of 
phosphorus 32 in the crowns of two of the five healthy 
trees and no detectable amount in the crowns of the 
three others. The most rapid rates of movement here 
would have been in excess of 25 cm/hour. 

All of the figures on rate of movement presented 
above were averages for night and day movements 
over a number of days. The rates varied from 


TABLE [| 


RATE OF MovEMENT OF PHosPpHORUS 32 IN HEALTHY AND 
Pote BLIGHTED TREES IN CM/Hour 





HEALTHY TREES* POLE BLIGHTED TREES * 

















5.7 11.6 
5.8 15.2 
gs: 16 

32 23 

21 25 

12 26 

25 25 

16 25 





* Data between horizontal lines were taken at com- 
parable times. 


5 cm/hour or less when cond:tions for transpiration 
were poor to a rate in excess of 25 cm/hour when 
the conditions for transpiraticn were good. In sum- 
mer, daytime rates alone mus¢ be considerably in ex- 
cess of those reported here. ! Unpublished data ob- 
tained from our experiments with smaller trees, where 
the phosphorus 32 can move into the living crown in 
1 day, show rates of movement in excess of 75 
cm/hour. All of these rates are generally somewhat 
lower than those obtained by Moreland (6) for phos- 
phorus 32 movement in lobloliy pines. 

It was mentioned earlier in the paper that the 
extreme tops of the pole blighted trees had yellow 
foliage and reduced growth. In order to determine 
to some degree whether the rate of movement was 
the same in the extreme tops of the pole blighted and 
healthy trees, some topping experiments were con- 
ducted. That is, the trees were climbed and the tops 
were sawed off 6 to 12 whorls from the top of the 
tree, the tops were dropped to the ground, and the 
cut ends were immediately placed in a container of 
water. After transport to a controlled area, the butts 
of these tops were placed in buckets containing several 
hundred microcuries of phosphorus 32 along with the 
carrier solution of 0.001.M ammonium phosphate. 
A healthy and a pole blighted top were placed in the 
bucket simultaneously and the bucket was placed in 
the sun. A total of four pole blighted and four healthy 
tops were treated in this way. From periodic sam- 
pling of the foliage and measurements of radioactivity 
and distance, it was determined that the rates of move- 
ment in two of the pole blighted trees were 5.7 cm 
and less than 1 cm/hour, while in the two correspond- 
ing healthy tops the rates of movement were 9.8 cm 
and 12.7 cm/hour. In the other two pairs of tops, 
accurate measurements of rate of movement were not 
made but it was obvious from the monitoring that 
was done that the rate of movement was more rapid 
in the healthy tops. These results suggest that there 
is less rapid movement in the extreme tops of the pole 
blighted than in the healthy trees, although for the 
tree as a whole the movement is more rapid in the 
pole blighted trees (table 1). 


DISCUSSION 


One of the leading questions arising from the 
results reported above is that of the cause of the 
greater accumulation in one part of the crown than 
in another. Biddulph (1) has pointed out that ac- 
cumulation is due to both transpiration and metabolic 
demands in various tissues in the plant. The top por- 
tions of the crowns of these trees are exposed to 
conditions very favorable for transpiration and this 
is where the greatest amounts of phosphorus 32 are 
concentrated in the healthy trees. Wright and Barton 


(10) have shown that phosphorus 32 accumulation 
may closely follow transpiration rates in leaves. The 
data for the distribution of phosphorus 32 (fig 2) are 
very much like what one would expect from the data 
on transpiration in tree crowns published by Pisek 
and Tranquillini (7). . 
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On the other hand, the pole blighted trees show a 
definite trend for accumulation in the lower crown. 
Apparently the chlorotic foliage of the upper crown 
is unable to function normally in accumulating phos- 
phorus 32. Probably this is due to a lowering in 
transpiration and metabolic processes which would 
normally favor accumulation. 

The anomalous high concentration of total phos- 
phorus in the tops of the pole blighted trees, men- 
tioned in the introduction, is not explained by these 
data. They show an opposite trend, suggesting that 
the phosphorus may be deposited initially in the lower 
crowns of pole blighted trees and then transported 
to the tops later. 

The phosphorus 32 data suggest that the transpira- 
tion rate in the lower crowns of the pole blighted trees 
was greater than in the healthy trees. On the other 
hand, in the upper crowns the transpiration rates 
were doubtless greater for the healthy trees. The 
net result is a more rapid movement in the pole 
blighted trees, at least to the lower crown. A trans- 
piration rate in excess of normal has been commonly 
reported for other plant diseases in their progressive 
phases (4). It is also possible that the greater rate 
of movement in the pole blighted trees is due to a 
partial blocking of the conducting system in the bole; 
some of the conducting tissue is actually dead and 
resin-blocked in some of the pole blighted trees. 
Other things being equal, a reduction in conducting 
elements would cause an increase in rate of flow 
through the functioning elements. 

We had hoped in this study to determine if the 
reduced phosphorus movement to the top of the crown 
in pole blighted trees might be one of the causes or 
the result of the condition. The data are not clear 
on this point, however. They suggest that the dis- 
turbance is the result and not the cause; trees ap- 
parently in the early phases of the disease have ac- 
cumulation patterns more like healthy than like the 
more advanced pole blighted trees. 

The data in figure 2 suggest an interesting possi- 
bility in the accumulation of materials in the upper 
crown during the summer. It seems probable that 
materials in the transpiration stream may be initially 
transported into regions of greatest transpiration, 
other things being equal. Hence, if the material, such 
as a phytotoxin, was to enter the transpiration stream 
at the same time of the year as the phosphorus was 
introduced, it would be deposited in largest amounts 
in the upper crown of a previously uninjured tree 
and there have its greatest effect. Some materials 
would be retransported out of the upper crown be- 
cause we know from our analyses that the final total 
non-radioactive phosphorus distribution does not 
show the pattern given in figure 2, but is distributed 
fairly evenly throughout the healthy crowns. Ab- 
normal materials such as phytotoxins might not be 
so easily retransported and the resultant injury could 
lead to the symptom picture which we see in pole 
blighted trees, with a deterioration of the upper crown 








of the tree and a progressively healthier appearance 
as one proceeds downward. 


SUMMARY 


Field experiments were performed to determine 
the distribution of phosphorus 32 after injection into 
pole-sized trees in healthy and in pole blighted condi- 
tion. On the basis of activity per gram of leaf tissue, 
accumulations were largest in the upper crowns of 
the healthy trees and in the lower crowns of the pole 
blighted trees. Calculations on a specific activity 
basis gave no significant difference from the calcula- 
tions of activity per gram of leaf tissue. 

Taking the tree as a whole, the rate of phosphorus 
32 movement was considerably faster in the pole 
blighted than in the healthy trees. When the extreme 
tops were severed, however, the rate in the severed 
tops was more rapid in the healthy than in the pole 
blighted trees. 
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UPTAKE AND UTILIZATION OF PHOSPHATE ASSOCIATED WITH 
RESPIRATORY CHANGES IN POTATO TUBER SLICES? 


B. C. LOUGHMAN? 


Division OF BroLoGy, CALIFORNIA INSTITUTE OF TECHNOLOGY, PASADENA 


Respiration and salt absorption by slices of stor- 
age tissue have been extensively studied in recent 
years, with particular emphasis upon linkage between 
the two processes. In most investigations utilizing 
this type of material it is usual to bring the tissue 
into a state of steady metabolism before the start of 
the experiment. This is accomplished by subjecting 
freshly cut slices of tissue to exhaustive washing with 
water. The changes occurring during early stages 
of washing are, however, of great interest, but assess- 
ment of the factors governing this alteration of me- 
tabolism has rarely been attempted. 

The specific respiration rate of freshly cut slices 
(1.0mm thick) of potato may be five times that of 
the intact tuber and a further five-fold increase oc- 
curs in approximately 24 hours if the slices are kept 
in aerated water. Laties (11) has shown that the 
specific respiration rate of freshly cut slices is inde- 
pendent of thickness, whereas the development of 
the respiratory increment is controlled by the thick- 
ness. The respiration rate of neither fresh nor of 
aged slices is increased by increasing the oxygen 
content of the environment above that in air; Burton 
(1) has proven conclusively that tuber respiration is 
not limited by a shortage of oxygen within the tissue, 
since at normal storage temperatures the difference 
in oxygen concentration between the outside atmos- 
phere and the center of the tuber is not great. The 
rise in respiration rate as a result of cutting must, 
therefore, be attributed to some cause other than the 
simple removal of a barrier to the diffusion of oxy- 
gen. Laties (11) has postulated that a volatile prod- 
uct of metabolism which imposes a restraint on res- 
piration in the intact tuber diffuses out after cutting. 

The demonstration by Hackett (7) that a marked 
change in the terminal oxidase characteristics occurs 
during the first 24 hours after cutting, is further evi- 
dence of the complexity of the processes involved in 
the development of increased respiratory power. 
Whereas 80 to 100 per cent of the respiration of 
fresh slices could be attributed to the cytochrome 
oxidase activity, the subsequent gain in respiration 
was found to be insensitive to carbon monoxide even 
though cytochrome oxidase activity could be demon- 
strated in mitochondria isolated from the tissue. The 
fact that an immediate rise in respiration rate of 
fresh potato slices can be brought about by adding 


1 Received August 18, 1959. 
2 Present address: Department of Agriculture, Uni- 
versity of Oxford. 
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1 xX 10-5M 2-4-dinitrophenol (DNP) suggested 
that the restraint on respiration is associated with 
systems involved in transfer of high energy phos- 
phate. 

A further distinction between the basal and in- 
duced respiration is illustrated by the fact that the 
former is insensitive to malonate whereas the latter 
is completely inhibited in the presence of this com- 
pound (9). It was assumed that two different types 
of metabolism are involved which differ in their de- 
pendence upon the turnover of phosphate. It was 
considered that the limitation of respiration in fresh 
tissue might be the result of reduced activity of the 
phosphate transferring systems, and as a consequence 
the phosphate metabolism of the two different types 
of tissue was examined from a number of points of 
view. 


MATERIALS | 


Potatoes obtained from local markets were washed 
and sliced into aerated ice water. All experiments 
were carried out with disks of tissue 9 mm in diameter 
and 1mm thick. The varieties used were American 
Russet and English Majestic. After removing the 
adhering starch by three rinses in ice water, slices 
were stored in ice water for short periods prior to in- 
cubation in distilled water at 25°C or 30°C. The 
water was changed at 2 hour intervals for 12 hours, 
then at 8 hour intervals. The treatment was carried 
out in 1 liter Erlenmeyer flasks; the contents were 
agitated gently throughout in order to ensure ade- 
quate aeration. Respiration was measured by the 
standard Warburg method using ten 1.0 mm slices per 
vessel. The average fresh weight of ten slices was 
0.65 g. 


METHODS 


I. PHOSPHATE UPTAKE: Slices were threaded on 
stainless steel wire and separated by 2.0 mm diameter 
beads. Treatment was carried out at concentrations 
of KH,PO, ranging from 10~* M to 10-2 M at a pH 
of 4.5, and concentrations of P** ranging from 10 s#c/1 
to 5 mc/I were used. 

To distinguish active uptake from diffusion into 
the free space it was considered necessary to transfer 
slices to an equal volume of water at 0° C after the 
selected period of uptake to allow the free space phos- 
phate to diffuse out again. The period in cold water 
was normally double the time allowed for uptake. 
On occasions the threaded slices were suspended in 
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moist air, in order to prevent leakage of accumulated 


ions (3). 


II. PHOsPHORYLATION: Tissue was extracted in 
the manner described in a previous paper (12). 
Samples of 0.65g fresh weight were normally ex- 
tracted under ice cold conditions with 12 ml 0.1 N 
HCIO,. After short treatments with labelled phos- 
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phate, more than 90 per cent of the labelled compounds 
could be removed by two extractions. Extracting 
untreated slices by this procedure removed 60 per cent 
of the total phosphate, about half of this was inorganic. 
The initial chromatographic separations were carried 
out in tert butanol/water/picric acid (80m1/20m1/ 
2.0 g) and further separations in propanol/ammonia/ 
water (60m1/30m1/10m!). 
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EXPERIMENTAL RESULTS 


The typical rise in respiration obtained by incu- 
bating 1.0 mm slices in water at 25° C is shown in 
figure 1, where the autocatalytic nature of the process 
can be clearly seen. The corresponding curve for 
phosphate uptake capacity from 1 X 10~°M solution 
is shown in figure 2. After a 2 hour lag period a 
rapid rise occurs for 10 hours. The fluctuation in 
rate observed between 8 and 16 hours has_ been 
noticed on a number of occasions when low concentra- 
tions of phosphate are used, but no explanation can 
be given at this time. During the first 8 hours of 
incubation up to 10 per cent of the inorganic phos- 
phate present in the tissue may be lost from the tissue; 
the accumulation studies with freshly cut slices are 
complicated by this fact. It is possible that this phos- 
phate is lost from the cytoplasm rather than from the 
vacuole and could represent a large proportion of the 
cytoplasmic pool of inorganic phosphate. 

An examination was made of the possibility that 
a short pre-treatment at 25° C would be sufficient to 
initiate changes such that the respiratory rise would 
continue subsequently at low temperature. Transfer 
to ice cold water effectively prevents any further rise 
in the capacity to take up phosphate at whatever stage 
this transfer is made (fig 3). The respiration values 
at 28 hours for treatments marked A, B, and C were 
154, 45, and 34 #l/g fresh weight/hour, respectively. 
The development of both the capacities for phosphate 
uptake and for increased respiratory rate is depend- 
ent upon temperature, and slices can be maintained 
in a state equivalent to fresh tissue for several days 
if stored in water below 2° C. 

The overall rise in the ability to absorb phosphate 
may be as great as 200-fold depending upon the initial 
low value which varies with different batches of 
tubers. The rise in uptake capacity increases rapidly 
for a longer period than the rise in respiration, sug- 
gesting that the two processes are not necessarily 
closely linked. 


ESTERIFICATION PatTTeRN: After uptake from 
solutions of low concentration for periods of less than 
15 minutes, up to 90 per cent of the absorbed phosphate 
can be extracted in cold dilute mineral acid. Investi- 
gation of the chemical nature of the absorbed phos- 
phate indicated that rapid esterification occurred in 
aged slices. Figure 4 shows the pattern of esterifica- 
tion during 30 minutes in water after treatment for 
1 minute in 1 x 10-5 M phosphate at 25°C. Maxi- 
mal incorporation of phosphate into the nucleotide 
fraction occurs during the first minute; a slow rise 
occurs thereafter in the hexose phosphate fraction. 
An overall esterification of 75 per cent of P*?-labelled 
phosphate occurs during the 30 minute period. Dur- 
ing the 1 minute treatment no significant increase in 
the total amount of phosphate in the tissue occurs; 
the curves shown, therefore, represent the increase in 
specific activity of the designated fractions. The 
rate of esterification observed with aged tissue is of 
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the same order as that found itt actively growing young 
cereal roots (13). ‘ 

The capacity for esterification of incoming phos- 
phate rises with the ageing process. A 10 minute 
treatment in labelled phosphate (1 x 10-5M) at 
25° C was given to batches: of slices removed at in- 
tervals from the incubation saedium. Figure 5 shows 
that during the 10 minute experimental period fresh 
slices esterify 20 per cent of the incoming phosphate 
whereas after 24 hours at 25° C 85 per cent is esteri- 
fied in 10 minutes. Since only small amounts of 
phosphate are taken up by the fresh tissue, the meas- 
urement of the esterification capacity lacks precision 
and the value of 20 per cent is the upper limit. In 
order to reduce the difficuities of this type of meas- 
urement, a different technique was used. 

Slices were cut; half of them incubated at 25° C, 
the other half at 0° C for 24 hours. Slices at 0° C 
possessed the same metabolic activity as fresh tissue, 
the advantage of the treatment being that slices from 
the same tuber may be used for uptake studies at the 
same time. In addition, washing at 0° C appears to 
reduce the variability which exists among fresh slices 
from the same tuber. The terms aged and fresh will 
be used to distinguish slices treated at 25° C and 0° C, 
respectively. 

A comparison of the absorbing capacity of fresh 
and aged slices was carried out under conditions 
where comparable amounts of labelled phosphate en- 
tered the tissue and leakage to the environment from 
the fresh slices was prevented. After treatment in 
labelled solution at 0° C for 15 minutes the slices were 
rapidly washed in three changes of water to raise the 
temperature to 25° C and to remove surface activity. 
The slices were then suspended in moist air to allow 
accumulation from the free space to proceed; samples 
then were assayed at intervals to determine the degree 
of esterification. The increase in esterification pro- 
ceeds much more rapidly in aged slices (table I). 
The low rate of esterification in fresh slices reflects 
the slow rise in capacity to absorb inorganic phosphate 
from the free space and confirms earlier results ob- 
tained by assay of slices taken directly from labelled 
solution. 

The behavior of fresh slices was more critically 
examined by a further experimental modification. 
Fresh slices were immersed in labelled phosphate 
(1 x 10-5 M) for 10 minutes at 0° C in order to fill 
the free space under conditions where metabolic ac- 
cumulation was reduced to a minimum. After rapid 
rinsing in water at 0° C to remove surface activity 
the slices were suspended in moist air for 20 
minutes at 25°C to allow accumulation to proceed 
in the absence of any leakage from the free space 
to the environment. At the end of the accumulation 
period the free space component was removed by 
washing in water at 0°C. This phosphate was all 
inorganic and represented about 50 per cent of the 
total. At this point the slices were returned to moist 
air at 25° C to follow the utilization of the absorbed 
phosphate. During the first hour less than 5 per cent 
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TABLE I 


INCREASE IN ESTERIFICATION WITH TIME AT 25°C IN 
Morst Arr AFTER FILLING FREE Space at 0° C 








EXTRACTABLE 
TIME AT PHOSPHATE % EStTErI- 
25°C MIN CPM/MG FICATION 
FRESH WT 
2 143.0 12.6 
60 129.4 18.7 
Fresh 180 157.4 30.1 
360 120.8 44.8 
660 121.0 58.8 
1,440 124.1 56.3 
1 231.6 38.6 
2.5 252.0 48.1 
6 231.8 49.6 
Aged 12 200.3 56.7 
25 237.7 61.6 
60 221.9 55.0 
180 218.0 67.2 





Slices placed for 15 minutes at 0° C in labelled solu- 
tion (10-5 M KH,PO,, 4uc/ml, pH 5.0) prior to rinsing 
and transfer to moist air. 
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esterification occurred and this value doubled during 
the next hour. After 24 hours, incorporation into 
both nucleotide and hexose phosphate occurred with 
an overall esterification of approximately 50 per cent 
indicating that the capacity of fresh slices to utilize 
absorbed phosphate increases with time. The results 
indicate that fresh tissue has a low capacity for ester- 
ifying incoming phosphate and that a marked in- 
crease in this capacity occurs with ageing. The res- 
piration of aged potato slices is thus characterized by 
a very rapid turnover of phosphorus. 

After an uptake period of 10 minutes in 
1 x 10-°M KH,PO, at 0° C followed by washing 
of aged slices for an equivalent time in water at the 
same temperature to remove the diffusible component, 
about half the phosphate remains in the tissue. About 
40 per cent of this residue is removed if the tissue is 
washed in 1 x 107-2 M KH,PO, at 0° C and all this 
removable ion is inorganic orthophosphate. Thus, 
true accumulation of a small amount of phosphate 
occurs; this fraction also is inorganic. On raising 
the temperature to 25° C very rapid esterification oc- 
curs in the aged tissue. The process of accumulation 
appears to be separable from that of esterification. 
The inference is that phosphorylation is not essential 
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Fic. 5 (Left). The esterification capacity of 1.0 mm potato slices during incubation in aerated distilled water 
at 25°C. Slices treated for 10 minutes in labelled 10-5 M KH,PO, prior to extraction with 0.1M HCIO,. 

Fic. 6 (Right). Phosphate uptake during incubation of 1.0 mm potato slices in 10-2M (broken line) and 
10° M (solid lines) phosphate solution at 16° C and pH 4.5. KH,PO, (@ — @), NaH,PO, (& — A) and 


LiH,PO, (@ — @). 
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to accumulation: it is assumed that phosphorylation 
occurs after accumulation. Only by working at 0° C 
can the rate of esterification be reduced sufficiently to 
distinguish between the two processes. Mechanisms 
of uptake can be suggested which involve the esteri- 
fication at the cell surface of the incoming phosphate 
as an integral part of the absorption process, but it 
is more probable that the ion arrives in the cytoplasm 
in inorganic form, there to be incorporated into the 
metabolic systems of the tissue. 

An interesting point is that whereas aged tissue 
at 0° C accumulates about four times as much P** 
as fresh tissue from 1 X 10~5 M solution, yet, as has 
been shown earlier, the difference at 25° C may be 
up to 200-fold. 


Assay oF CytTopLasMic Poot COMPONENTS: 
Measurements of the concentrations of the phosphoryl- 
ated components turning over in the cytoplasmic pool 
are difficult, but preliminary assays have indicated 
that no large differences occur between fresh and aged 
tissue. There is evidence as shown above that uptake 
into the cytoplasm occurs prior to esterification and 
information on the size of the cytoplasmic pool of in- 
organic phosphate is highly desirable. Such esti- 
mates depend upon separation of vacuolar and cyto- 
plasmic orthophosphate; the present experimental 
approach gives an approximate estimate of this dis- 
tribution. 

Apparent equilibration of the incoming P*? with 
the nucleotide fraction occurs in a few minutes in 
aged tissue (fig 4). At this point the specific activity 
of the labile phosphate of isolated ATP can be de- 
termined as can the specific activity of the extracted 
inorganic phosphate. Two assumptions are now 
made: I. That all the ATP is in the cytoplasmic 
pool; none in the vacuole. II. That none of the in- 
coming phosphate has reached the vacuole at this time. 

Since the isotopic composition of cytoplasmic 
nucleotides achieves a steady value almost immedi- 
ately, the specific activity (SA) of the terminal phos- 
phates of ATP will be the same as that of the in- 
organic fraction. On this presumption the amount 
of P*! required to satisfy this relationship with regard 
to the inorganic fraction can be calculated. The in- 
organic phosphate at issue is located in the cytoplasm. 
The difference between this value and the total ex- 
tractable inorganic phosphate represents the vacuolar 
content. The second assumption is less probable, but 
even if some of the P*? had already entered the vacuole 
this type of measurement should give an estimate of 
the maximal concentration of inorganic phosphate in 
the cytoplasm. Apparent isotopic equilibrium within 
the cytoplasmic pool can occur in less than 10 minutes 
under conditions where the phosphate entering the 
tissue makes no significant addition to the total con- 
centration of phosphate within the tissue. 

A value of 304g ATP per gram fresh weight is 
the upper limit obtained by spectrophotometric assay. 
In an experiment where apparent equilibrium was 
reached in 10 minutes, the nucleotide and inorganic 
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fractions represented 29.1 per cent and 43.3 per cent 
of the extractable P**, respectively. The correspond- 
ing concentrations of njcleotide phosphate and in- 
organic phosphate were ipproximately 3.0 and 42.2ug 
per gram fresh weight. ; 

If it is assumed that’ the two terminal phosphate 
groups of ATP are equally labelled, whereas the @ 
position is unlabelled, then the value for the concentra- 
tion of nucleotide phosphate involved in the SA meas- 
urements is reduced to 2.04g/g fresh weight, i.e. 

29.1 


si = = 146. 





If the SA of these phosphate 
2.0 
groups is the same as that of the inorganic phosphate, 
then the concentration of P*! necessary to satisfy this 
43.3 
requirement is 





= 3.0. Consequently, this value 
14.6 

of 3.04g represents the inorganic phosphate contained 
in the cytoplasmic pool. Since the total inorganic 
phosphate of the tissue is 42.0ug/g fresh weight, then 
it appears that more than 90 per cent of this phos- 
phate is contained in the vacuole. If, as has been 
shown earlier, 10 per cent of the tissue phosphate can 
be lost during the early stages of washing, this amount 
possibly represents the greater portion of the cyto- 
plasmic inorganic component. Refinement of the 
techniques used here is necessary before accurate de- 
termination of the distribution of phosphate between 
vacuole and cytoplasm can be obtained. The presence 
of uridine phosphates as contaminants of the isolated 
ATP has been noted and accurate assay of these is 
important before precise values can be obtained. The 
assumption is tentative that no P%* enters the vacuole 
during the equilibration period, but calculation of 
cytoplasmic phosphate by this method should give the 
maximal value. 

That the increase in respiration brought about in 
ageing tissue is associated with increased enzyme syn- 
thesis is a possibility. Concentrations of chloram- 
phenicol shown by Gale and Folkes (6) to inhibit pro- 
tein synthesis in E. coli have no effect on the respira- 
tion rise of potato slices. After ageing slices for 
24 hours in 0.01 per cent chloramphenicol the respira- 
tion rate was identical with that of slices aged for 
the same period in water. The activities of starch 
phosphorylase, phosphoglucomutase, phosphohexoiso- 
merase, amylase, apyrase, and phosphatase were meas- 
ured in fresh and aged slices. These enzymes are 
involved in the mobilization of the major reserve sub- 
strate in the tissue, but no marked change in activity 
during the ageing process could be detected. This 
suggests that the glycolytic system at least undergoes 
no extensive alteration during the ageing process. 

The relationship between rate of accumulation of 
phosphate and concentration was widely different 
for fresh and aged slices. Table II shows the com- 
parative rates of uptake at 1 Xx 10-5M and 


1 x 10-?M KH,PO,. After a 10 minute absorp- 
tion period the slices were washed for an equivalent 
time in water or 1 x 107-7 M KH,PQ,. 
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TABLE II 
RATE OF PHOSPHATE UPTAKE BY FRESH AND AGED 1.0 MM SLICES 





UPTAKE RATE (#G/HR/G FRESH WT) 














FRESH AGED 
10-27 M 10-2M 
10-5 M 10-2 M 10-5 M 10-5M 10-2 M 10-5 M 
Washed in H,O 0.0172 8.52 495 0.728 23.06 31.7 
Washed in 10-2 M 
KH,PO, 0.0102 7.65 750 0.843 22.18 24.8 





Slices treated for 10 minutes at 25° C in labelled 10-5 M or 10-2 M KH,PO, at pH 4.5 followed by 10 minutes 


in water or 10-? M KH, PO, at 0°C. 


Whereas aged slices at 10-5 M accumulated 40 
to 80 times as much phosphate as fresh material the 
corresponding ratio at 10-2 M was 2.7 to 2.9. The 
manner in which this ratio alters with concentration 
is shown in table IIT. 

The respiration of the fresh tissue remains un- 
altered over this range of KH,PO, concentration; 
similar uptake rates are obtained if the potassium is 
replaced by sodium or lithium though the latter ion at 
a concentration of 10~* M causes the uptake of phos- 
phate to cease completely after 24 hours. Figure 6 
shows the uptake of phosphate during the ageing of 
slices in 10-2 M and 10-°M phosphate solution in 
the presence of K+, Na*, and Li* as the accompany- 
ing cations. High concentrations of lithium have 
been shown by Laties (10) to prevent the normal 
respiration rise after cutting. 

Fresh slices absorb phosphate readily from solu- 
tions of high concentration. They also exhibit an 
ability for esterification equal to aged slices. This 
observation is in agreement with the results of Calo, 
Marks, and Varner (2), who consider the phosphoryl- 
ative capacity of fresh and aged slices to be identical 
in 10-2.M solution. That the metabolism of fresh 
tissue is not limited by phosphate supply is indicated 
by the fact that the respiratory rate is not increased 
when slices are immersed in 107~2?M KH,PQ,. 


TABLE III 


Errect oF PHOSPHATE CONCENTRATION ON UPTAKE 
Capacity oF FRESH AND AGED 1.0 MM SLICES 





UPTAKE RATE (#G/HR/G FRESH WT) 











AGED 
M KH,PO, FRESH AGED RATIO 
FRESH 
10-6 0.0024 0.216 89.6 
10-5 0.012 1.30 107.5 
10-4 0.112 2.48 22.35 
10-8 1.32 5.92 4.53 
10-2 13.68 27.80 2.02 





_ Slices placed for 15 minutes at 30° C in labelled solu- 
tion (pH 5.0) followed by 30 minutes in water at 0° C. 


Whereas fresh slices esterify only about five per cent 
of the phosphate absorbed in 10 minutes from 10-5 M 
solution, up to 70 per cent may be esterified at 10—2 M. 
It is clear that the rapid accumulation of phosphate 
by fresh slices at high concentration is accompanied 
by a high rate of esterification, but it has not been 
established whether the processes are readily separable 
or not. 

The data of Hagen and Hopkins (8) suggest that 
two sites are involved in the accumulation of phos- 
phate, one for the HPO;Z~ ion and the other for 
the H,PO; ion. Extension of their approach to 
cation uptake by Fried and Noggle (4) led them to . 
conclude that the accumulation of monovalent cations 
proceeds at two sites, one of which operates at high 
concentrations and the other at low. The results pre- 
sented here suggest that in fresh tissue the site oper- 
ating at low concentrations is non-functional whereas 
the other is operating normally. Thus, ageing of the 
tissue is intimately associated with development of the 
low concentration site. 


DIscuSSION 


The results obtained at low phosphate concentra- 
tions indicate that the phosphorolytic capacity of aged 
slices is very high, whereas that of freshly cut slices 
is almost negligible. Under conditions of low phos- 
phate supply, therefore, it is reasonable to assume that 
the respiration developed during ageing at 25°C is 
in fact characterized by a rapid turnover of phosphate, ° 
whereas the basal respiration is characterized pri- 
marily by non-phosphorolysis. The fact that active 
uptake occurs in fresh tissue in the presence of high 
concentrations of phosphate can be explained by as- 
suming that two different sites of uptake are involved, 
differing markedly in the concentrations at which 
they become saturated. Kinetic treatment of the re- 
sults in the manner described by Hagen and Hopkins 
(8) gives confirmation of this view, although de- 
tailed investigation of the characteristics of the sites 
is premature at this point. The results are consistent 
with the view that the gain in respiration associated 
with ageing is linked with the creation of a site of 
uptake operating solely at low concentration. 
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Having shown that H.PO7 and HPO;~ ions 
were absorbed at different sites in barley roots, Hagen 
and Hopkins (8) calculated the dissociation constants 
of the two ion-carrier complexes and found them to 
be 4 x 107-°M and 5 x 1071!°M, respectively. A 
similar pattern for uptake sites operating at high and 
low concentrations of single monovalent cations has 
been reported by Fried and Noggle (4). It seems 
that this phenomenon may be of general occurrence. 

One of the possibilities arising from studies with 
aged slices at 0° C is that phosphate is actually ac- 
cumulated by the cytoplasm in inorganic form and 
that the process involving rapid esterification is a 
completely separate stage. The rapidity with which 
the incoming phosphate comes into apparent equilibri- 
um with the nucleotide fraction, and the high pro- 
portion of phosphate esterified suggests that, com- 
pared to the cell as a whole, the inorganic phosphate 
content of the cytoplasm is low. The basis for meas- 
uring this distribution has already been discussed. 
It appears that refinement of the techniques used 
could furnish reliable values. Where the synthesis 
of nuclear components is studied by means of external- 
ly applied radioactive inorganic phosphate as in 
nucleic acid synthesis, knowledge of the phosphate 
concentration in the cytoplasmic environment would 
appear to be a valuable aid to the interpretation of 
the results obtained (14). 

The observation (6) that the capacity of aged 
slices to absorb phosphate, is inhibited by carbon 
monoxide in the dark while the respiration remains 
unaffected and that the inhibition is light reversible, 
suggests strongly that the portion of respiration as- 
sociated with phosphate uptake is mediated by cyto- 
chrome oxidase, whereas the overall respiration is not. 
The study of the relationship between the induced 
respiration and the new terminal oxidase system and 
the identification of the latter appears to be of first 
importance in elucidating the problems involved in 
the control of storage tissue metabolism. 


SUMMARY 


I. The increase in respiration observed when 
freshly cut potato slices are incubated in aerated dis- 
tilled water for 24 hours at 25° C is associated with a 
change in the ability to utilize phosphate from solu- 
tions of low concentration. 

II. The capacity for uptake rises by more than 
100-fold, and a 20-fold increase in the ability to ester- 
ify the accumulated phosphate can occur during the 
same period. ; 

III. Fresh and aged slices show little difference 
in their capacity to accumulate and esterify phosphate 
from solutions of high concentration. 

IV. The increase in respiration during ageing 
appears to be associated with the synthesis of a cellu- 
lar component concerned in the accumulation of phos- 
phate at low concentration. 

V. Accumulation and esterification seem to be 
separate processes. Incorporation of phosphate into 
organic forms is not necessarily essential for uptake 
into the cell. 
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VI. Respiration of fresh tissue is possibly non- 
phosphorolytic in nature, whereas that of aged tissue 
is characterized by a rapid turnover of phosphate. 

VII. The greater part of the inorganic phosphate 
in the cell appears to be stored in the vacuole and takes 
no part in the steady state metabolism of the cell. 


ACKNOWLEDGMENTS 


The author wishes to record his appreciation for 
the advice and counsel given by Dr. George Laties at 
whose suggestion the work was undertaken. The 
financial help of the National Science Foundation is 
gratefully acknowledged. 


LITERATURE CITED 


Burton, W. G. 1950. Studies on the dormancy 
and sprouting of potatoes. 1. The oxygen content 
of the potato tuber. New Phytologist 49: 121-134. 

Cato, N., J. Marks, and J. E. Varner. 1957. Res- 
piratory metabolism of aerated potato disks. Na- 
ture 180: 1142. 

Epstein, E, 1955. 
transport of ions in plant roots. 
30: 529-535. 

Friep, M. and J. C. Noccre. 1958. Multiple site 
uptake of individual cations by roots as affected 
by hydrogen ion. Plant Physiol. 33: 139-144. 

GaLE, E. F. and J. P. Forxes. 1955. The assimila- 
tion of amino acids by bacteria. 20. The incor- 
poration of labelled amino acids by disrupted 
staphylococcal cells. Biochem. Jour. 59: 661-675. 

GrirFitus, S. K. and D. P. Hackett. 1957. Res- 
piratory mechanisms associated with inorganic phos- 
phate uptake by potato tuber tissue. Plant Physiol. 
suppl. : 32 xlvi. 

Hackett, D. P. 
respiration” of potato tuber tissue. 
siol. suppl.: 31 xl. 

Hacen, C. E. and. H. T. Hopkins. 1955. Ionic 
species in orthophosphate absorption by barley 
roots. Plant Physiol. 30: 193-199. 

Laties, G. G. 1959. The nature of the respiratory 
rise in slices of chicory root. Arch. Biochem. Bio- 
phys. 79: 364-377. 

Laties, G. G. 1959. The development and centrol 
of coexisting respiratory systems in slices of chicory 
root. Arch. Biochem. Biophys. 79: 378-391. 

Laties, G. G. 1957. Respiration and cellular work 
and the regulation of the respiration rate in plants. 
In: Survey of Biological Progress Vol. III. Pp. 
215-299. Academic Press, New York. 

LoucuMan, B. C. and R. P. Martin. 1957. Meth- 
ods and equipment for the study of the incorpora- 
tion of phosphorus by intact barley plants in experi- 
ments of short duration. Jour. Exp. Bot. 8: 272- 
279. 

LoucuMaN, B. C. and R. S. Russert. 1957. The 
absorption and utilization of phosphate by young 
barley plants. IV. The initial stages of phosphate 
metabolism in roots. Jour. Exp. Bot. 8: 280-293. 

Ts’o, P. O. P. and C. S. Sato. 1959. Synthesis of 
ribonucleic acid in plants. II. Phosphate-P** in- 
corporation into ribonucleic acid of the pea epi- 
cotyls. Exp. Cell. Research 17: 237-245. 


Passive permeaticn and active 
Plant Physiol. 


1956. Studies on the “wound 
Plant Phy- 





PHOTOSYNTHESIS AND RESPIRATION IN DEVELOPING FRUITS 
I. C*O, UPTAKE BY YOUNG ORANGES IN LIGHT AND IN DARK? 
R. C. BEAN anv G. W. TODD ? 


DEPARTMENT OF -PLANT BIOCHEMISTRY, 


The effect that photosynthesis in a green fruit may 
have on the growth of that fruit has not been exten- 
sively studied. In another paper of this series (Todd, 
Bean, and Propst, unpublished results) a study was 
made of the magnitude of photosynthesis in cucum- 
bers, lemons, oranges, and avocados at different ages 
and under varying conditions. Photosynthesis in 
these fruits could completely compensate for respira- 
tory loss of carbon dioxide, under some conditions. 
With normal growth situations, however, it may be 
assumed that photosynthesis in the fruit itself does 
not supply a large proportion of the material needed 
for growth of the fruit. 

Assimilation of carbon dioxide might also affect 
the type of materials produced and stored within a 
given tissue. Even though photosynthetic assimila- 
tion might account for a relatively small percentage 
of the total stored material, the compounds formed in 
fixation of carbon dioxide might have a strong effect 
on the quality of the fruit. To help determine what 
role carbon dioxide assimilation may play in forma- 
tion of storage products, a study has been made of 
the materials formed by fixation of carbon dioxide 
in young fruit in the light and in the dark, using radio- 
active tracers. The present paper gives some of the 
results found with young oranges. It appears from 
some of these results that carbon dioxide fixation in 
the dark by juice vesicles of these small oranges may 
be involved extensively in the formation and storage 
of the organic acids of the orange juice. 


MATERIALS AND METHODS 


A single, intact Valencia orange (13.4 g — 15.7 g) 
was placed in each of the two chambers of the carbon 
dioxide fixation apparatus pictured in figure 1. Each 
chamber also contained 100 mg samples of each of the 
three major tissues of the orange, the flavedo (outer, 
green layer of the peel), albedo (inner, white peel 
layer), and the juice vesicles. The vesicles, or juice 
sacs, were prepared by carefully teasing them loose 
from the carpellary membrane. Flavedo and albedo 
were prepared by dividing diametric sections of the 
fruit (about 1.5 mm thickness) into the two tissues. 
The chambers were immersed in a 25° C water bath 
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Pathology, Oklahoma State University, Stillwater. 


UNIVERSITY OF CALIFORNIA, RIVERSIDE 


and illuminated from below by fluorescent lamps (ca 
1,000 ft-c). After reducing pressure in the system 
slightly, carbon dioxide was generated by adding lac- 
tic acid to BaC'*O, (3.4 mg, 82 #c/mg). The circu- 
lating pump kept a constant flow of gas through the 
apparatus during the experimental period at a rate 
such that the gas should completely recycle about four 
times per minute (flow rate 1200 ml/min, apparatus 
volume 280 ml). Thus, both light and dark samples 
were exposed to identical atmospheres. The dark 
flask was wrapped with black plastic tape to keep light 
out. 
At the end of the experimental period (220 min) 
the air from the chambers was withdrawn rapidly into 
an evacuated 2,000 ml flask containing standardized, 
carbon dioxide free sodium hydroxide. Subsequent 
titration of the alkali allowed a determination of the 
final carbon dioxide concentration in the system. 
Each of the tissue samples was dropped directly into 
separate vessels of rapidly boiling ethanol. The in- — 
tact fruits were rapidly frozen in crushed, frozen CO,. 
They were allowed to warm to —20° C, separated into 
the flavedo, albedo, and pulp, and each tissue was in- 
activated and extracted in boiling ethanol. 

After centrifuging and decanting the initial alcohol 
extracts, extraction of each of the samples was con- 
tinued by adding a small amount of water to each 
sample and grinding while heating over steam. After 


























Fic. 1. Carbon dioxide assimilation apparatus. A. 


Light chamber. B. Dark chamber. Wrapped with plastic 
electrical tape. C. C'*O, generating chamber containing 
BaC14#0,. D. Ampoule cap. To allow addition of lactic 
acid to BaC!4O, with a syringe. E. Manometer. F. 
Circulating pump. Chambers were immersed in a 25° C 
water bath and illuminated from below by fluorescent 
lamps. 

Total volume of the apparatus air space was 280 ml. 
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the samples were fairly well macerated, alcohol was 
added to give a concentration of 80 per cent and the 
samples boiled for a few minutes. This process was 
repeated several times with centrifuging and decant- 
ing between each repetition. The residues were sub- 
jected to continuous extraction by alcohol in a Bailey- 
Walker apparatus to remove the last traces of soluble 
material. This latter step removed only a very small 
percentage (less than 1 % of the total alcohol extract- 
able activity but it was required to obtain consistent 
results on the activity of the insoluble residues. 

All the extracts from each sample were combined 
and diluted to known volumes. Aliquots were taken 
and plated directly on stainless steel planchets for de- 
termination of total activity fixed in each tissue. 
Larger aliquots were evaporated to dryness at 30° to 
40° C to obtain samples for chromatographic analysis. 
These samples were redissolved in known amounts of 
water and applied to filter paper. One dimensional 
chromatograms were prepared with water-saturated 
phenol, butanol-acetic acid-water (52:13:35), or 
butanol-ethanol-water (52.5: 32:15.5). Two dimen- 
sional chromatograms were also prepared with the first 
two solvents. The radioactive compounds were lo- 
cated by radioautography. Counting of activity was 
done directly on the chromatographic paper, using 
previously determined conversion factors to obtain 
figures comparable to those found with counting on 
steel planchets. 

Labeled compounds found on the chromatograms 
were tentatively identified by chromatographic posi- 
tions and by reaction to spray reagents (1 % p-anisi- 
dine hydrochloride in butanol for sugars, 0.1% nin- 
hydrin in acetone as a dipping agent for amino acids, 
0.04 % bromcresol green in alcohol for organic acids). 
For confirmation of the identity of glucose, the glu- 
cose area was eluted and treated with fungal glucose 
oxidase and the reaction mixture rechromatographed 
to identify gluconic acid. Sucrose was checked by 
hydrolysis with invertase and chromatographic iden- 
tification of the resulting monosaccharide components. 
Rechromatography of the reaction products resulting 
from treatment of the eluted fructose area with cal- 
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cium hydroxide showed a normal distribution of ac- 
tivity between the epimers, fructose, mannose, and 
glucose. Amino acids and organic acids were mixed 
with authentic samples of the suspected acid and re- 
chromatographed in other solvents. Coincidence in 
several solvents of the radioactive spot with the colored 
spot resulting from the indicator reaction was con- 
sidered adequate identification for the purposes of 
this study. The amount of activity lost upon treat- 
ment of the radioactive spots with ninhydrin also con- 
tributed to confirmation of the identity of the amino 
acids. Organic phosphates were in such low con- 
centration that identification was made only upon the 
original chromatographic characteristics. 

The alcohol-insoluble residues were ground finely 
and alcohol suspensions of the powder were plated for 
counting. Approximate absorption factors were ob- 
tained on the assumption that the residue powder 
would have the same absorption as a similar thickness 
and weight of filter paper. 

All radioactivity determinations were made using 
a Nuclear-Chicago, D-47 gas-flow tube with a thin 
end window. Fr counting on paper chromatograms, 
this tube, withor¢ shielding, was supported on a ring 
about 2 mm frorg the paper. 

To determing the relative distribution of activity 
in the carboxyl frroups of malic acid, the B-carboxyl 
was obtained ag carbon dioxide by treatment with 
Lactobacillus argbinosus (9). Both carboxyl groups 
were obtained ly adapting the method of Friedman 
and Kendall (5%. The a-carboxyl activity was taken 
as the differency between the two determinations. 

Carbon dioxade concentrations during the experi- 
ment were estijnated from the initial carbonate in- 
troduced and titration of the trapped carbon dioxide 
at the end of the experiment. 





RESULTS AND DISCUSSION 


The total fixation of carbon dioxide per unit weight 
of total solid material in the alcohol-soluble and alco- 
hol-insoluble fractions of all tissues of the fruit is 
compiled in table I. Preliminary experiments indi- 
cated that fixation was relatively uniform when ex- 


TABLE [| 
C14-Activity IN ALCOHOL-SOLUBLE AND: ALCOHOL-INSOLUBLE FRACTIONS 


OF ORANGE TISSUES 


Exposep to C1#O, *»? 





ALCOHOL-SOLUBLE EXTRACT? 





INTACT FRUIT 


TISSUE PREPARATION 


ALCOHOL-INSOLUBLE RESIDUE 





INTACT FRUIT TISSUE PREPARATION 











LicHt Dark LicHT Dark LIGHT Dark LicHT Dark 
Flavedo 34,700 1,540 54,000 3,700 15,400 280 6,670 490 
Albedo 3,400 1,150 2,500 1,950 235 160 280 280 
Vesicle 2,580 2,500 13,600 16,500 284 360 2,580 1,680 





1 Initial carbon dioxide concentration was about 0.2 % ; final 2.5 %. 
2 Activity is given as cpm/mg of the dried soluble solids or of the alcohol-insoluble residue. Counting was 


done to within 3 % statistical error. 


* Total activity in the various extracts from intact fruits: Light (10° cpm): Flavedo, 165; albedo, 18,0; vesicles, 


11.0; Dark (10° cpm): Flavedo, 6.9; albedo, 5.7; vesicles, 7.4. 
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pressed on the basis of unit solid material for other 
sizes of fruit but total activity would vary 
greatly. Total activity in the extracts from tissues 
of the intact fruits is given as a footnote to table 
I. The C'* activity found in preparations of the il- 
luminated flavedo is very much higher than that found 
in the dark flavedo or in any other tissue. The activi- 
ty of extracts from the photosynthesizing flavedo 
range from 14 to 23 times the activity of the dark 
flavedo and similar ratios (14-55 fold) are found in 
the alcohol-insoluble material. This indicates that 
the green flavedo is capable of a respectable photo- 
synthetic assimilation rate and agrees with previous 
determinations on the intact fruits (Todd, Bean, and 
Propst, unpublished results). 

Illumination causes a rather large increase in 
activity in the albedo tissues of the intact orange 
(3:1 ratio as shown in table I). The difference be- 
tween light and dark fixation is negligible with sec- 
tions of albedo. The fact that illumination causes in- 
creased activity only in the albedo of the intact fruit 
and not in the albedo tissue sections would make it 
appear that the major part of the increase in albedo 
activity in the intact fruit may be due to translocation 
of photosynthate into the albedo from the highly active 
flavedo tissues. This conclusion is further supported 
by consideration of the activities found in individual 
components of the tissues (table II and discussion 
below ). 

The juice sacs show essentially no difference in 
total assimilation of activity in the light and the dark, 
whether as an intact fruit or tissue preparation (table 
I). There is a strong difference between assimilation 
in the vesicles of the intact fruit and in the isolated 
vesicles. This might be expected since the respiratory 
carbon dioxide from surrounding tissues in the intact 
fruit would greatly dilute the activity of the carbon 
dioxide reaching the vesicles. Despite showing no 
significant photosynthetic activity, the vesicles were 


capable of a very high degree of C'*O, fixation. The 
isolated juice sacs were able to assimilate from 25 to 
30 per cent of the activity fixed per unit of soluble ma- 
terial, by the photosynthesizing, isolated flavedo. In 
the dark intact fruit, the unit activity of the vesicle 
extract is considerably higher than that of either 
of the two tissues which completely surround it. 
Comparison of the total activities fixed in extracts 
from different tissues of intact fruit (footnote to 
table I) further accents the ability of the vesicles to 
accumulate carbon dioxide. The vesicles in the dark 
were found to have fixed a total of 7.4 x 10° cpm 
while the flavedo only contained 6.9 x 10° cpm. 
These factors would suggest that the vesicles may con- 
tain a highly efficient system for exchange or dark 
fixation of carbon dioxide. 

Table II shows some of the differences found in 
the fixation of activity into the individual components 
of the alcohol extracts of various tissues. The sugars 
are highly labeled in the photosynthesizing flavedo, 
as would be expected in the primary photosynthesizing 
tissue. Sucrose is found with relatively high activity 
in the albedo of the intact fruit but only a very small 
amount of activity is found in sucrose in the illumi- 
nated, isolated albedo. This tends to support the con- 
clusion above that the major increase in activity of the 
albedo of the intact, photosynthesizing fruit is due to 
translocation of activity (in the form of sucrose) 
from the flavedo. A very slight amount of activity is 
found in sucrose in the illuminated, isolated vesicles 
indicating that even these tissues may be capable of 
a very limited amount of photosynthesis at this stage 
of development. 

Aspartic acid, serine, and malic acid are all fairly 
strongly labeled in the dark. Little effect of light is 
found on the amount of activity in these compounds 
except in the photosynthesizing flavedo where malic 
acid and serine show fairly strong increases in the 
light. In other plants, it has been shown that malic 


TABLE IT 


DistrtRuTION oF C!4 Activity IN CoMPONENTS OF ALCOHOL-SOLUBLE EXTRACTS FROM ORANGE TISSUES! 





INTACT FRUIT 


TISSUE PREPARATIONS 














FLAVEDO ALBEDO VESICLES FLAVEDO ALBEDO VESICLES 

CoMPONENT Licht Dark Licut Dark LicHt Dark Licut Dark Licut Dark Licut Dark 
Glucose 1,020 et clade 1,290 ease oe" a en 
Sucrose 10,400... 1,140 9,870 wig 159 eee 146 
Fructose 810 ary Ses es i? 860 Fi wick . Sas 
Alanine 100 ey 5 + + 330 are + eg ag oti 
Glutamic Acid 1,200 + 37 + + + 610 13 + ma 37 + 
Aspartic Acid + 90 10 55 275 190 160 40 35 23 182 209 
Serine 180 65 45 100 200 185 120 70 135 110 146 101 
Malic Acid 860 435 45 57 325 355 950 420 141 120 1,210 1,340 
Citric Acid 30 ce 30 52 460 630 33 20 my ries 475 445 
Other Acids? + + + + 160 160 67 67 88 + 273 283 
Phosphate Esters + : 87 67 ex wee 30 - 





' Activity given throughout as counts per minute per milligram of dried soluble extract. Activity. was negligible 


or too low for measurement where no figure is given. 


* Succinate and fumarate were lost by running off the edge of the paper. 


Generally they were of low activity. 
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acid is not directly concerned with photosynthetic 
assimilation of CO, but an increase in rate of labeling 
of malic acid in the light occurs as an indirect effect 
of photosynthesis (3) since compounds in equilibrium 
with malic acid are becoming labeled. Citric, glu- 
tamic, glycolic, glyceric, succinic, and fumaric acids 
are also labeled in the dark. The distribution and 
total amount of activity in these compounds varied 
from tissue to tissue but all the same compounds are 
labeled throughout, except for citric acid which seems 
to show some erratic behavior in the albedo and 
flavedo. Acid fractionations have shown that citric 
acid is in low concentration in peel tissues although 
it comprises the major acid of the vesicles at this de- 
velopmental stage. 

A number of factors indicate that the dark prod- 
ucts found here must be formed within each tissue 
rather than by extensive translocation from one tissue 
to another. Each tissue, individually, is capable of 
fixing a significant amount of activity through dark 
reactions with carbon dioxide as shown by the tissue 
preparation data in table I. In the intact fruits, 
despite the increase and redistribution of activity in 
the flavedo caused by photosynthesis, there is virtually 
no effect on the activity found in the vesicles. Even 
in the albedo of the intact fruit the changes due to 
photosynthesis appear to be restricted to carbohydrate 
components. A highly efficient transport system 
would be required to build up the amount of activity 
found in the vesicles of the intact fruit during the dark 
reaction if it were assumed that the labeled compounds 
of the vesicles arose by reactions with carbon dioxide 
in the peel followed by movement into the vesicles 
for storage. Such transport is rather unlikely in 
view of the lack of apparent movement of the labeled 
sugars from the peel into the vesicles during photo- 
synthesis. The high unit activity of the dark vesicle 
extracts in comparison with those from the other 
tissues also argues against such a transport effect. 
Determinations of the distribution of activity in the 
carboxyl groups of malic acid from the vesicles of 
intact fruits showed that the B-carboxyl contained 
about 75 per cent of the activity whether the fruit 
was photosynthesizing or in the dark. This lack of 
effect of light on the distribution further confirms an 
independent fixation in the vesicles. 

With only a dark fixation mechanism in opera- 
tion, the vesicles have accumulated a strikingly large 
amount of activity, as shown in the two tables. The 
high accumulation of carbon dioxide could be indica- 
tive of a possible mechanism for the formation of a 
portion of the acids which are stored in the endocarp 
of citrus fruits. In some succulent plants a net uptake 
of carbon dioxide may occur in the dark to give rise 
to an increase in organic acids (4, 12, 13,14). Fixa- 
tion of carbon dioxide in the dark appears to be a 
general reaction for plants (7,8) although only a few 
plants carry it on to such an extent as to produce a 
measurable uptake. In succulents the dark uptake 
appears to depend upon utilization of sugars to form 
acceptor units. Sugars are depleted during the dark 


reaction (13) while the acids increase. The reaction 
of phospho-enol pyruvate with carbon dioxide (11) 
appears to be one of the reactions responsible for the 
dark fixation in succulents and other plants (10, 15, 
16). It is also possible that carboxylation of ribulose 
diphosphate to form phosphoglycerate may be involved 
in succulent metabolism (2). In citrus vesicles a high 
activity of phospho-enol pyruvate carboxylase has 
been demonstrated by Huffaker and Wallace (6). 
Surrounded as they are by other tissues, the carbon 
dioxide concentration in citrus vesicles should be 
relatively high leading to favorable conditions for 
incorporation into the organic acids since this in- 
corporation is directly dependent upon. the partial 
pressure of carbon dioxide (1). These factors, with 
the data presented here, suggest the possibility that 
such reactions could be in part responsible for the 
rather large accumulation of acids in citrus fruit pulp. 


SUMMARY AND CONCLUSIONS 


A comparison has been made of amount of C140, 
fixed in tissues of intact, small oranges and in tissue 
preparations of oranges in the light and the dark. 
Studies were made of the compounds into which the 
C'4-activity was incorporated. 

The flavedo tissue (outer green peel) was found 
to be capable of rapid photosynthetic fixation of 
carbon dioxide. The albedo (inner white peel) and 
the juice vesicles showed very slight photosynthetic 
capacities. 

In the dark, the juice vesicles were found to as- 
similate far more activity than the other tissues, 
whether in the intact fruit or as isolated tissues. 
Malic acid, serine, aspartic acid, and citric acid were 
the major labeled compounds in the orange tissues in 
the dark reaction. 

On the basis of the high dark fixation activity of 
the vesicles, a proposal has been made that incorpora- 
tion of CO, may have an important function in the 
formation and storage of acids in the citrus pulp. 
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CARBOHYDRATE METABOLISM OF CITRUS FRUITS I. MECHANISMS OF 
SUCROSE SYNTHESIS IN ORANGES AND LEMONS?’ 
R. C. BEAN 


DEPARTMENT OF PLANT BIOCHEMISTRY, UNIVERSITY OF CALIFORNIA, RIVERSIDE 


The basis for controlling the accumulation of 
metabolites during growth of plants is of special in- 
terest in the study of fruit growth since the flavor 
and quality of the fruit may depend on the stored 
materials. Oranges and lemons are two fruits having 
wide differences in characteristic sugar storage pat- 
terns. The mature lemon contains little or no sucrose 
in any of its tissues whereas sucrose constitutes the 
major storage sugar of the orange. It would be of 
interest to determine if such variations are reflected 
in synthetic mechanisms, synthetic capacities, or in 
utilization of sucrose. It would also be valuable to 
find the stage of growth where such differences be- 
come manifest. The synthesis of sucrose in these 
fruits has been compared by chemical and radioisotope 
techniques using enzyme and tissue preparations as 
well as intact fruits. Results of .the study suggest 
that differences in sucrose storage may not be due 
to any deficiency of sucrose synthesizing mechanisms 
within the lemon, since active systems were found 
to exist in these fruit at all stages of growth. Pro- 
nounced differences were found, however, in the syn- 
thetic capacities of different tissues of the fruit; it 
appears that the albedo (white peel layer) has the 
highest capacity for synthesis in the older fruit. 


1 Manuscript received September 22, 1959. 


MATERIALS AND METHODS 


Sucrose synthesis was studied in three ways. A. 
Reaction of fructose or fructose-6-phosphate with 
uridine diphosphate glucose (UDPG) was determined 
in vitro with extracts or particulate preparations from 
the fruit. B. Formation of sucrose in isolated tissue 
preparations was traced by incorporation of activity 
from glucose-U-C'* or fructose-U-C'*. C. The tracer 
technique was also extended to examine the formation 
of sucrose from labeled monosaccharides in small, in- 
tact fruits. Experimental procedures and materials 
are given below for each approach. 


I. StuprEs witH ExTRACTS AND HOMOGENATES. 
Mature Eureka lemon and Valencia orange fruits 
were obtained fresh from local groves. The lemons 
and oranges were juiced by hand with a glass reamer. 
The lemon juice was divided immediately into two 
parts. One part was neutralized to pH 7 with 1N 
NaOH before carrying out subsequent steps while 
the remainder was treated as initially obtained. The 
juices were filtered through birdseye cloth and cen- 
trifuged at approximately 25,000 x G for 20 minutes. 
The sediments were resuspended in two volumes of 
0.01 M phosphate buffer, pH 7, and dialyzed overnight 
against the same buffer. Supernatants from centri- 
fuging were saturated with ammonium sulfate at -pH- 
5 and the precipitates were collected by centrifuging. 
This precipitate was redissolved in. the pH 7 phos- 
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phate buffer and dialyzed overnight in Visking sau- 
sage casing against the same buffer. 

Soluble extracts of lemon and orange peels were 
also prepared by homogenizing one part peel in ten 
parts water and treating the homogenates as described 
above for the juices. 

Sucrose synthesis was measured in the soluble 
preparations by modifications of previously published 
procedures (2,10,11,12). A 50 #1 aliquot of the 
enzyme solutions was incubated at room temperature 
(21-23° C) for half an hour with 0.37 umoles of 
UDPG and 2.5 umoles fructose or 2 “moles of p- 
fructose-6-phosphate in a total volume of 0.1 ml. 
Following inactivation by heating in a boiling water 
bath for one minute, the residual free fructose or fruc- 
tose-6-phosphate was destroyed by heating in 1 ml 
0.1. N NaOH for 15 minutes at 100°C. The alkali- 
stable ketose (keto group protected by glycosidic 
linkage) was determined by the method of Dische and 
Borenfreund (8) using a 2-hour incubation rather 
than the specific 24-hour period. Adequate controls 
were prepared, omitting UDPG, enzyme or ketose. 

For particulate preparations, the procedure was 
modified by doubling the volumes and quantities used. 
Following incubation, the suspension was centrifuged 
to remove the particulate material and an aliquot of 
0.1 ml of the supernatant solution taken for analysis 
as above. 

The UDPG was prepared from yeast extracts by 
a gradient elution modification of the procedure of 
Cabib, Leloir and Cardini (7). This material con- 
tained approximately 25 per cent of uridine diphos- 
phate N-acetyl-p-glucosamine and uridine diphos- 
phate. Potassium p-fructose-6-phosphate was ob- 
tained from the commercial barium salt by treatment 
with Dowex-50 (hydrogen form) followed by neu- 
tralization with potassium hydroxide. 


II. Tracer Stupres 1N IsoLaTep Tissues. 
Lemons and oranges of varying ages were obtained 
from the groves. It was possible to obtain almost a 
full range of growth of the lemon fruit at a single 
period due to the continuous setting habit of the lemon. 
The range examined in oranges was limited to rela- 
tively young fruit. Each piece of fruit was cut in 
half and the vesicles were carefully excised. Sections 
of the flavedo (colored, outer layer of peel) and 
albedo, approximately 1.5 mm thick, were cut perpen- 
dicular to the core of the fruit. Samples in the range 
of 100 mg of each of these three tissues were weighed 
into containers and incubated at room temperature, 
in the dark, with 0.1 ml of a solution of labeled fruc- 
tose or glucose. The solutions contained 20 ug of 
the active sugar. with a total activity of 800,000 to 
900,000 cpm per 0.1 ml aliquot. The sugars were 
prepared photosynthetically by the method of Putman, 
et al (14, 15). 

Following incubation for 3 to 4 hours, the isolated 
tissues were inactivated and extracted with boiling 
ethanol. The ethanol extracts were concentrated and 
chromatographed by standard procedures. Water 
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saturated phenol, butanol-acetic acid-water (52:13: 
35) and butanol-ethanol-water (52.5: 32: 15.5) sol- 
vents were used in chromatography. Active sugars 
were located by radioautography and the activity in 
each sugar determined directly on paper with a Nu- 
clear D-47, Micro-mil end window, gas-flow counter. 
Sucrose was eluted from the paper and rechromato- 
graphed following hydrolysis with invertase. Activi- 
ty in each of the resulting monosaccharides was de- 
termined as above. 


III. Tracer Stupres 1n Intact Fruit. Fruit 
in the range of 5 g total fresh weight was obtained. 
The stems and buttons were cut off under water and 
each piece of fruit was weighed quickly. A small 
ring of polyethylene was attached around the stem 
scar with the aid of a little silicone grease. The solu- 
tion of carbon 14 labeled glucose or fructose was 
placed in the cup thus formed. An aliquot of 0.1 ml 
containing 1.1 mg of the sugar was used. Total 
activity with glucose was 9.3 x 10° cpm. For the 
fructose experiments 8.0 x 10° cpm was used with 
oranges and 16 xX 10° cpm for lemons. Ac- 
tivity was measured with the equipment mentioned 
above. The fruit was allowed to take up the major 
portion of this solution in the dark. This required 
a period of about 90 minutes for the lemons and 150 
minutes for the oranges. The fesidual solution was 
washed into boiling ethanol. The flavedo was rapid- 
ly cut off into hot ethanol. The fruit was then cut 
in half and the juice sacs excised into hot ethanol. 
The remaining albedo material was also inactivated 
in boiling ethanol after slicing it into thinner sections, 
After extraction with ethanol, the extracts were 
treated as outlined above for analysis of the isolated 
tissue extracts. The approximate amount of each 
sugar on the paper chromatograms was determined 
by a densitometric technique, using the color developed 
by reaction of the sugars with benzidine dihydro- 
chloride (4). Density was measured with a variable 
intensity light source and an International Rectifier 
Company photocell. The signal from the photocell 
was amplified through a transistorized amplifier and 
recorded with a_ recording milliammeter. The 
amount of sugar present was determined by compar- 
ing peak heights with those peak heights found for 
known quantities of sugars. Using this technique, 
it was possible to get approximate specific activities 
of the sugars directly on paper. 


RESULTS 


Results for sucrose synthesis by enzyme prepara- 
tions from oranges and lemons are given in table I. 
Data on unprocessed juices and extracts could not be 
obtained directly since chromogenic materials in the 
original preparations interfered with determination 
of the small amounts of sucrose formed. In the solu- 
ble extracts, this difficulty could be overcome by am- 
monium sulfate precipitation of the enzyme except in 
orange peel preparations. No difficulty was met 
with the resuspended particulate fractions: 
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TABLE [| 


FoRMATION OF SUCROSE BY PREPARATIONS FROM 
LEMON AND ORANGE FRUITS 





SUCROSE SYNTHESIZED 





FRUCTOSE-6- 
PHOSPHATE 
REACTION 


PREPARATION FRUCTOSE 


REACTION 





pmoles umoles 


Orange Juice 
Ammonium sulfate fraction 0.12 0 
Particulate sediment 0 0 
Lemon Juice 
Ammonium sulfate fractions 
pH 2.5 juice 
pH 7 juice 
Particulate sediment 
pH 2.5. juice 
pH 7 juice 
Small Lemon (15 g size) 
homogenates 
Ammonium sulfate fraction 0 0 
Particulate sediment 0.15 0 


Conditions: 50 yl. Enzyme preparation incubated 
30 minutes with 0.37 umoles UDPG and 2.5 umoles fruc- 
tose or fructose-6-phosphate in total of 0.1 ml. Volumes 
and quantities doubled for analysis of particulate material 
and 0.1 ml of supernatant withdrawn for analysis after 
incubation. 





The data for the juices indicate that the soluble 
portion of the orange juice contains an active system 
for the synthesis of sucrose from free fructose and 
UDPG. On the other hand, the lemon has no activity 
in the soluble fraction; instead, the particulate ma- 
terial shows a good capacity for sucrose synthesis. 
Rather than being an integral part of the particulate 
system, the sucrose synthesizing enzyme in lemons 
might be a soluble protein which is adsorbed on the 
particles during juicing operations due to the low pH. 
To test this possibility, a suspension of particles sedi- 
mented at pH 7 was divided into four portions. One 
part was retained for control; the other parts were 
divided into supernatant and sediment fractions by 
centrifugation. The sediments were suspended in 
phosphate-citrate buffer, one at pH 3.5, another at 
pH 5, and the third at pH 7. Each suspension was 
thoroughly rehomogenized in a Potter-Elvehjem ap- 
paratus, allowed to stand at 4° C for several hours with 
occasional shaking, and finally recentrifuged. All 
sediments were resuspended in phosphate buffer, pH 
7, to give the original starting volume. All the final 
suspensions as well as the supernatant fractions were 
then analyzed for activity. No significant activity 
was found in any of the supernatants and practically 
all the activity (69-81% of the original) was re- 
covered on the particles. Thus, although this does 
not completely exclude the possibility that the enzyme 
might have been irreversibly adsorbed during process- 
ing, it tends to indicate a rather firm bond between 
the particles and the enzyme, in contrast to the readily 
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soluble enzyme of the orange juice. The probability 
that the enzyme actually is normally associated with 
the particles is strengthened by the fact that it is also 
found in the sedimentable fraction in the preparations 
from the young lemons which do not have an abnor- 
mally low pH. Other enzymes, normally found in 
the soluble form in other organisms, have also been 
found in citrus associated with the particulate ma- 
terial (3). 

Lemon tissue preparations showed an incorpora- 
tion of activity into sucrose with either glucose-C'* 
or fructose-C'* at all ages of the fruit:: The results 
of pertinent experiments are given in figure 1A, B. 
With glucose-C'* as substrate no activity was found 
in the free fructose. Similarly, no labeling of the free 
glucose occurred when fructose-C'* was used. De- 
tectable amounts of activity were always found in 
the hexose phosphate although concentrations of these 
compounds in the citrus tissues are very low. It is 
evident that the albedo had a much higher capacity 
for sucrose synthesis per unit of fresh weight than 
either the juice sacs or the flavedo under these condi- 
tions. The capacity for synthesis by the albedo re- 
mained surprisingly constant throughout the fruit’s 
growth. Activity in the flavedo and vesicles dropped 
off greatly in the larger fruit. 
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Fic. 1. A. Formation of sucrose from glucose in 
isolated tissues from lemons of various ages. B. For- 
mation of sucrose from fructose in tissue preparations 
from lemons of two ages. @, Sucrose formed in albedo 
tissue slices; (, Sucrose formed in flavedo tissue slices ; 
X, sucrose formed in excised vesicles. No activity was 
found in free fructose with glucose-C!* as substrate nor 
in free glucose when fructose-C1* was used. Total free 
fructose was higher than free glucose in smallest fruits 
approximately equal in larger fruits. 
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When young orange tissues were incubated with 
labeled glucose or fructose, no significant labeling of 
sucrose occurred. Instead some anomolous reactions 
were found (3). 

Table II presents the results of the studies with 
intact fruits in terms of the total activity found in 
each sugar of the various tissues of the fruit. These 
data were also used to calculate the values for specific 
activities of the sugars given graphically in figure 2. 
With glucose as substrate, little activity remained in 
the monosaccharides; sucrose had the greatest total 
activity as well as the highest specific activity. On 
the other hand, when fructose was given, it was con- 
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Fic. 2 (Top). Specific activity of sugars in the dif- 
ferent tissues of intact lemons_and oranges after uptake 
of glucose-C!* or fructose-C!4, Solid bars, specific activity 
of sucrose ; cross-hatched bars, specific activity of fructose ; 
speckled bars, specific activity of glucose. 

Fic. 3 (Bottom). Ratios of activities of monosac- 
charide components of sucrose synthesized from glucose- 
C'4 and fructose-C14 in tissue preparations or intact 
lemon and orange fruits. Cross-hatched bars, ratio of 
activity of glucose to fructose from tissues given glucose- 
C'4, speckled bars, ratio of activity of fructose activity to 
glucose in tissues given fructose-C!4. Control experi- 
ments in which the ratios were determined after giving 
uniformly labeled sucrose indicated variability of 5 per 
cent in final ratios. 
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verted much less extensively to sucrose in both fruits. 
A great deal of activity remained in fructose at the 
end of the experimental period in all tissues. With 
the exception of lemon flavedo, the specific activity of 
fructose exceeded that of sucrose in all tissues. 

Sucrose from each of the labeling experiments 
was subjected to hydrolysis and rechromatographed 
to deterinine the ratio of activity in glucose to activity 
in fruct@se. To determine the accuracy of the method 
and to furnish a control, experiments were also per- 
formed in which uniformly labeled sucrose was fed 
to the fruits. The resulting labeled sucrose in the 
fruit was hydrolyzed and measured in the same man- 
ner as the other samples. Results of this work are 
included in figure 3. Here it may be seen that activity 
was found in both components of the sucrose no mat- 
ter which monosaccharide was supplied. A ratio 
which closely approaches unity would indicate com- 
plete equilibration of the two monosaccharides or de- 
rivatives entering into sucrose synthesis. When the 
sugar supplied enters into sucrose faster than it equi- 
librates with the other hexose precursor to sucrose a 
ratio greater than unity would be expected. In all 
these experiments an excess of the labeled monosac- 
charide was present through the duration of the ex- 
periment so that one might expect a higher activity 
in the sucrose moiety corresponding to the sugar fed 
unless equilibration between the two precursors to 
sucrose were extremely rapid. The data shows that 
activity was found in both components of the sucrose 
no matter which monosaccharide was supplied. In 
most cases, the monosaccharides moiety correspond- 
ing to the sugar supplied still retained a somewhat 
higher degree of labeling. The close approach of 
ratios to unity in the orange albedo indicates that a 
very rapid equilibration occurred between both sugars 
in the tissue. Lemon tissues consistently show a 
higher activity in the sugar which was fed than in 
the other sugar but even here, the activity ratios are 
low enough to indicate a relatively high rate of equi- 
libration of the sucrose precursors. 


DISCUSSION 


Two mechanisms have been established for the 
synthesis of sucrose in plant materials (10,11, 12). 
One mechanism involves the reaction of UDPG with 
free fructose to form stcrose directly while the other 
forms sucrose phosphate from the reaction of UDPG 
with fructose phosphate. Evidence presented by a 
number of workers (5,6,13) makes it appear that 
photosynthetic leaves use the latter reaction, exclu- 
sively. Etiolated wheat seedlings also seem to make 
use fargely of the phosphorylated form of fructose 
in sucrose synthesis. Fresh, green peas have been 
shown to contain enzymes for synthesis of sucrose 
from free fructose as well as from fructose phosphate 
(2). In the present study it has been established 
that: cell-free preparations from citrus fruits are 
capable of forming sucrose from free fructose and 
UDPG. No activity could be detected in these sys- 
tems for the reaction of fructose-6-phosphate with 
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TABLE II 


DistRIBUTION OF ACTIVITY IN SUGARS FROM INTACT YouNG LEMON AND ORANGE Frutts* 





ACTIVITY IN TISSUE/MG OF TISSUE DRY WT 








LABELED Suni ORANGE ORANGE ORANGE LEMON LEMON LEMON 
SUBSTRATE FLAVEDO ALBEDO VESICLE FLAVEDO ALBEDO VESICLE 
Glucose Glucose 171 536 295 154 293 171 
Fructose 105 105 47 26 118 54 
Sucrose 249 1,420 1,470 720 2.810 3,580 
Fructose Glucose ts git Aes 204 360 102 
Fructose 162 1,560 490 692 6,380 1,710 
Sucrose 388 814 1,150 4,070 4,420 1,870 





* Total activity in each sugar per unit of dry weight. 


Fruits were all in the range of 5 g total weight. Labeled sugar solutions (0.1 ml) contained 1.1 mg of sugar. 
Glucose activity, 9.3 x 106 cpm in both experiments. Fructose activity 8.0 x 10° cpm in the orange and 16 x 106 


cpm in the lemon. 


UDPG. The more indirect evidence of the tracer 
studies does indicate, however, that a mechanism must 
exist for the formation of sucrose without the utiliza- 
tion of free fructose and this path may be more im- 
portant in the intact cell than the free fructose 
mechanism. 

As in previous studies in intact tissues (13) the 
conclusion that a phosphorylated form of fructose 
participates in sucrose synthesis in citrus must rest 
mainly on the fact that the monosaccharide com- 
ponents within sucrose become rapidly equilibrated 
without similar equilibration of the free hexoses. In 
peel slices and intact vesicles sucrose was rapidly 
labeled by either glucose-C!* or fructose-C'*. Ex- 
amination of the sucrose formed showed that both 
hexose moieties of sucrose were labeled (fig 3). No 
labeling of the free fructose pool occurred with glu- 
cose-C'* as the substrate. It is obvious from the 
sucrose degradation that rapid isomerization of glu- 
cose to fructose did occur before synthesis of the su- 
crose. Since such an isomerization is most likely to 
occur through the phosphorylated forms it would be 
safe to assume that fructose phosphate would be avail- 
able for sucrose synthesis. This is supported by 
the fact that activity was always found in the area 
corresponding to the hexose phosphates. It would 
then seem most likely that the mechanism of synthesis 
of sucrose in these experiments would be phosphoryla- 
tion of glucose followed by simultaneous isomeriza- 
tion and formation of UDPG;; condensation of UDPG, 
and fructose phosphate could then occur with subse- 
quent dephosphorylation of the sucrose. The ob- 
servations cannot completely eliminate the possibility 
that free fructose might have participated in the for- 
mation of sucrose in these isolated tissue experiments 
but several unlikely assumptions would have to be 
made to support this possibility. If the free fructose 
is participating, the pool involved must be very small 
in order to account for the lack of any apparent activi- 
ty in the free fructose. Since the most likely path of 
isomerization of glucose and fructose is through phos- 


phorylated intermediates, an added dephosphorylation 
step would be required to form the active free fruc- 
tose pool. This added step would tend to increase 
the probability of a wide spread in the activity of the 
two hexose moieties of the sucrose. It should also 
be noted that if formation of sucrose were occurring 
through reaction of UDPG with a small sequestered 
pool of free fructose the feeding of fructose-C!* might 
be expected to give sucrose with a much higher ac- 
tivity in the fructose than the glucose moiety. This 
is not the case since glucose and fructose each give 
very similar labeling patterns in the sucrose molecule, 
indicating very close relationships in the pathways 
followed by the two sugars in entering the sucrose. 
Thus it would appear that the condensation of fruc- 
tose phosphate with UDPG is the most likely reaction 
for the formation of sucrose from sugars supplied ex- 
ternally to isolated tissues of citrus fruits. 

In the intact fruits the free fructose pool does 
become labeled when glucose-C'* is the substrate so 
that evidence for the participation of the fructose 
phosphate pathway is not so unequivocal. The high 
specific activity of sucrose relative to fructose in the 
glucose utilization experiments does make it clear 
that the normally observed main endogenous pool of 
fructose cannot contribute greatly to the synthesis of 
sucrose. This does not exclude possible utilization . 
of isolated small pools of free fructose which could 
have a high specific activity. 

Results of the tissue slice experiments indicate 
that the albedo is the most active site of sucrose syn- 
thesis in lemons. Interfering reactions prevented 
similar comparisons in orange tissues. The partici- 
pation of a transport system makes it difficult to 
assess the contribution that each tissue makes to su- 
crose synthesis in the intact fruit. The sugars must 
pass first through a vascular network in the albedo 
before reaching the other tissues so that many trans- 
formations could occur during the transport phase. 
The differences in the distribution of activity in the 
hexose components of sucrose isolated from the dif- 
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ferent tissues indicates that each tissue must make 
some contribution to the synthesis of sucrose. The 
fructose to glucose activity ratio in sucrose from the 
albedo of oranges fed fructose-C'* was 1.0 (fig 3). 
This ratio was 1.4 in the flavedo and 1.2 in the vesicles 
in the same experiment indicating some dilution of 
the glucose portion of the sucrose may have occurred 
after the sugars left the albedo or that independent 
synthesis took place in the other tissues. Similarly, 
when glucose was fed, the glucose to fructose activity 
ratio was 1.1 in the albedo but 1.3 and 1.2, respec- 
tively, in the flavedo and juice sacs indicating changes 
occurring in these tissues. Intact lemons do not 
show the same wide differences between activity ra- 
tios in different tissues but the work with isolated 
tissues shows that different tissues may carry out in- 
dependent synthesis of sucrose. 

Axelrod and Seegmiller (1) have investigated the 
formation of sucrose in apple tissues and found that 
sucrose became labeled in both hexose moieties al- 
though not to the same extent as has been observed 
here. 


SUMMARY 


Formation of sucrose in oranges and lemons has 
been studied using. tracer techniques with isolated 
tissues and with intact small fruit. Sucrose synthesis 
has also been followed by normal analytical procedures 
with extracts and particulate preparations. 

Soluble preparations from the juice of mature 
oranges catalyze the reaction between uridine diphos- 
phate glucose (UDPG) and free fructose to form 
sucrose. Soluble material from the juice of lemons is 
inactive, but particulate preparations were found to 
activate the same reaction. No activity could be 
found in these systems for catalyzing the reaction be- 
tween fructose-6-phosphate and UDPG to form su- 
crose phosphate. 

In isolated tissues (peel slices and excised vesicles ) 
from lemons of all ages, label from glucose-C'* or 
fructose-C! was incorporated into sucrose. Sucrose 
was labeled in both hexose components no matter 
which monosaccharide was supplied. No labeling of 
the free fructose occurred when glucose was given. 
This suggests formation of sucrose from a phos- 
phorylated form of fructose. 

Albedo tissue from lemons carried out a relatively 
constant rate of incorporation of glucose activity into 
sucrose throughout the growth of the fruit, but the 
rate of incorporation in the flavedo and juice sacs 
fell off rapidly with increase in age. 

In the intact fruit, glucose is incorporated into 
‘sucrose much more rapidly than fructose. When 
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glucose is fed, the free fructose pool also becomes 
labeled in both lemons and oranges. When fructose 
is the labeled sugar imbibed, a small amount of label 
appears in the free glucose of lemons but no conver- 
sion to free glucose appears in oranges. 
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INDOLEACETIC ACID IN 


ABSORPTION, DISTRIBUTION, AND DESTRUCTION OF 
PLUM STEM CUTTINGS *? 





D. K. STRYDOM 3 ann H. T. HARTMANN 
DEPARTMENT OF PomoLocy, UNIVERSITY oF CALIFORNIA, Davis 


Rooting of greenwood cuttings of Marianna 2624 
plum (Prunus cerasifera Ehrh. X P. munsoniana 
Wight & Hedr.) taken in spring or summer is depend- 
ent on the presence of a certain minimum leaf area. 
Treatment of the basal portion of the cuttings with 
indoleacetic (IAA) or indolebutyric acid (IBA) sub- 
stantially increases the number of roots per cutting 
(20). The site of the auxin action is not known. 
Perhaps there is a direct effect at the site of applica- 
tion where roots appear. Another possibility is that 
auxin stimulates mobilization of root-promoting sub- 
stances from the leaves; these substances would then 
presumably be translocated basipetally to the site of 
root initiation. 

Although much study has been given to the ab- 
sorption and translocation of auxins in intact plants, 
very few workers have investigated these phenomena 
in detached parts of woody plants. Cooper (4), using 
the standard Avena curvature test to follow movement 
of IAA in the bark of leafless lemon cuttings found 
initially relatively large amounts of IAA in the region 
of treatment; however, 95 per cent of the auxin dis- 
appeared during the Ist day, and little auxin was 
translocated to the apices of the cuttings. Turetskaya 
(24) followed the distribution of I'*' in soft and hard- 
wood cuttings of various species treated with I**- 
labeled-p-iodophenoxyacetic acid. In the hardwood 
cuttings the maximum I*** accumulation occurred in 
the base of the stem where the roots were formed. 
Decreasing amounts of I!8! were found in xylem, 
bark, and buds, in that order. Turetskaya (25) fol- 
lowed the movement of C'4-carboxyl-labeled naphtha- 
leneacetic acid in leafy cuttings of balsam, cherry, and 
currant, and found some evidence that the NAA was 
metabolized. 

The present study was designed to follow the ab- 
sorption, translocation, and persistence of C'* from 
alpha-labeled IAA in cuttings of Marianna 2624 plum. 


MATERIALS AND METHODS 


Leafy, stem cuttings of Marianna 2624 plum were 
taken at various times from June to November as fol- 
lows : Sub-terminal cuttings of current season’s growth 
were prepared from 2-year-old nursery trees and 9- 
year-old orchard trees. These were made by sever- 
ing the distal end of the shoot at the site of the first 


1 Received revised manuscript September 14, 1959. 

2 The assistance of Dr. E. C. Maxie and Miss Betty 
Robinson throughout this study is gratefully acknowl- 
edged. 

3 Present address: Western Province Fruit Research 
Station, Stellenbosch, Union of South Africa. 
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fully expanded leaf, followed by a second cut about 
eight inches down the shoot. 

About two hours elapsed between cutting prepara- 
tion and experimentation. Four types of samplings 
were made from the original cuttings: A. Entire cut- 
tings 5% to 8 in long; B. Stem pieces % to % in 
long; C. Leachings prepared by soaking stem pieces; 
D. A brei prepared by blending 80 g of stem tissue 
in 50 ml of water for 10 minutes in a Waring blendor. 
Intact cuttings were used to study absorption and 
destruction of indoleacetic acid. Stem pieces, leach- 
ings, and breis were used for auxin destruction studies 
only. 

Unless noted otherwise, cuttings were divided into 
“leafless” and “leafy” classes. All leaves were re- 
moved from the former while a single apical leaf was 
left in the latter. When auxin-dip treatments were 
made, the basal 1% in of the cutting was removed just 
before treatment to provide a freshly-cut surface for 
treatment. When treatments were made at the stem 
apex, 4 in of stem was left above the leaf to be treated 
with the labeled solution. 

Indoleacetic acid labeled in the alpha carbon with 
C14 was obtained from Tracerlab, Inc., of Waltham, 
Mass. The 15.9 mgs secured contained 0.1 millicurie 
C'* (specific activity 1.1 millicuries per millimole). 
This material, plus enough unlabeled IAA to make a 
4,000 ppm solution of the auxin, was dissolved in 50 
ml of 50 % ethyl alcohol. 

Cuttings were given auxin treatment by dipping 
the apical %4 in or the basal 114 in into the IAA solu- 
tion for 5 (or sometimes 10) seconds. The solution 
adhering to the surface of the cutting was allowed 
to evaporate ; this usually required about five minutes. 
Cuttings to be used in short-term experiments were 
wrapped in moist filter paper. Cuttings for long-term 
experiments were placed in an intermittent mist propa- 
gating bed in the greenhouse (9). 

Two experiments were conducted using the radio- 
autographic method of Yamaguchi and Crafts (29) to 
follow the translocation of the labeled auxin in the 
cuttings. The first consisted of basal treatments only. 
Samples were taken at the following time intervals 
after treatment: 10 minutes; 1 hour, 1% hours, 24 
hours; 2, 4, 7, 12, and 28 days. The second experi- 
ment included. apical as well as basal treatments. 
Samples from apically-treated cuttings were taken 
after 5 hours, 4 days, and 20 days. Samples from 
basally-treated cuttings were taken after 1%4 hours, 
4 days, and 20 days. In each case, the cuttings were 
divided into 1 in segments. Cross and median longi- 
tudinal sections were prepared, freeze-dried and radio- 
autographed. One untreated cutting was used to 
check for pseudo-autography by volatile emanations 
from the tissues. 
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Fic. 1. Distribution of radioactivity in Marianna 2624 plum stem cuttings treated by immersing the basal 
in for 5 seconds in a 4,000 ppm alpha-carbon labeled indoleacetic acid solution. 
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Two experiments using C'* counting techniques 
were conducted to study the absorption, translocation, 
and destruction of labeled IAA. In the first experi- 
ment 50 cuttings were used. In contrast to the leafy 
cuttings described above, only the leaves from the basal 
2 in of the cuttings were removed. After treatment 
with labeled IAA, this sample was divided into five 
groups, and assayed for C'* activity after 0, 1, 2, 5, 
and 12 days. The second experiment was designed 
to obtain an approximation of the amount of IAA 
absorbed per cutting. A total of five leafy and four 
leafless cuttings was used in this experiment. Fol- 
lowing treatment, the treated surfaces of the cuttings 
were carefully washed with 70 % alcohol. The sam- 
ples were prepared for counting as described below. 
In both of these experiments, the cuttings were 6 in 
long. Each cutting was divided into three 2 in 
pieces. All the corresponding segments were com- 
bined as single samples, dried to a constant weight in 
a vacuum oven at 68° F, and ground to pass a 20-mesh 
screen in a Wiley mill. Total carbon and carbon 14 
activity were measured as described by Maxie et al 
(12), except that the counting was done by a Tracer- 
lab TGC-14 thin window tube, mounted in an auto- 
matic sample changer. The total number of counts 
for each determination was 600, and four determina- 
tions were made for each sample. Background and 
standard BaC'*O, plates were counted in the same 
way. Student's t-test was used in the statistical analy- 
sis of the data. 

The C'* activity in respiratory carbon dioxide was 
measured by sealing treated cuttings in a quart jar 
covered by black cloth. Carbon dioxide-free air was 
passed over the cuttings, and the respiratory CO, 
trapped, plated, and counted as described above. 

Destruction of IAA by tissue leachings and breis 
was followed by the colorimetric method of Gordon 
and Weber (8), using an Evelyn colorimeter with a 
520 filter. Leachings were prepared by cutting stems 
into 4% in pieces. Eight grams of such pieces were 
placed in each of two beakers. One lot was auto- 
claved for 1 hour at a pressure of 15 pounds per 
square inch, after which the stem pieces were trans- 
ferred to beakers containing 10 ml of a 100 ppm solu- 
tion of C'4-labeled IAA. The beakers were placed 
under a black cloth and kept at room temperature. 
One milliliter aliquots were removed at the various 
time intervals for analysis. Breis were tested by 
using 1 ml aliquots from the filtered solutions. 

Peroxidase activities of leachings were measured 
by the oxidation of pyrogallol by hydrogen peroxide. 
To 1 ml of leaching was added 2 ml of 1 % pyrogallol, 
3.8 ml distilled water, and 0.2 ml of 3% hydrogen 
peroxide. Color changes were followed with the 
Evelyn colorimeter using a 425 filter. 

For the manometric assay of IAA oxidation, the 
brei described earlier was centrifuged 10 minutes at 
2000 x G. The supernatant was decanted from the 
cellular debris and used as the enzyme source. Oxy- 
gen uptake was measured by the direct methoa de- 
scribed by Umbreit et al (26) at 25°C. The main 
reaction chamber contained 1.5 ml of the enzyme 
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preparation, 0.5 ml of 0.1 M succinate buffer pH 5.0; 
0.3 ml of 0.01 M manganese chloride; and 0.2 ml of 
0.01 M resorcinol with 0.15 ml 20 %-potassium hy- 
droxide in the center well. The sidearm contained 
0.5 ml of 0.01M IAA. The flasks were shaken in 
the water bath for 25 minutes, the sidearm contents 
tipped in, and readings made for a period of 3 ‘hours. 

To test for [AA destruction within fresh and auto- 
claved tissues, 15 stem pieces % in long were taken 
from each treatment. These were immersed for 10 
seconds in a solution of C'*-labeled IAA, dried, and 
placed in two 10 ml beakers. Each beaker was affixed 
with modeling clay to the inner wall near the top of 
a quart jar. Twenty milliliters of 1M sodium hy- 
droxide was pipetted into the bottom of the jar, and 
the system sealed. The jars were covered with black 
cloth. After 60 hours at room temperature, the car- 
bonate in the base was precipitated and assayed for 
C'* activity as noted above. 


RESULTS 


The results of the radioautographic experiments 
are shown in figures 1 and 2. Figure 1 (top) shows 
the distribution of C'* after 10 minutes, 1, 114, and 
24 hours. A very rapid movement of the C'* is ap- 
parent. Close observation of the autograph shows 
radioactivity in the fourth 1 inch segment of the cut- 
tings after all four time intervals. The epidermis of 
the treated portion of the stem showed very high C'* 
activity, as would be expected. Initially, most of the 
activity was in the new xylem. None of the cuttings 
showed radioactivity in the leaves, and no pseudo- 
autography was observed. 

Figure 1 (bottom) shows the distribution of the 
radioactivity at 2, 4, 7, and 12 days after treatment. 
At the end of this period most of the activity was still 
confined to the basal 4 in of the cuttings. Lateral 
movement from the xylem into the phloem had oc- 
curred, and in the original autographs faint images of 
C'* activity could be detected in the leaves at all col- 
lection dates. The cutting collected on the 12th day 
showed extensive callus development in the region 
of IAA treatment. : 

Figure 2 (top) illustrates a comparison of the dis- 
tribution of C'* activity in leafy and leafless cuttings. 
In the case of the basally treated leafless cuttings, - 
the activity was detectable in the 4th inch after 1% 
hours and in the Sth inch after 4 days. 

In the apically treated leafy cuttings, the C'* had 
moved downward to the 5th inch in detectable amounts 
after 5 hours and persisted there for 4 days after 
treatment. Negligible amounts of radioactivity were 
present in the leaves immediately adjacent to the 
treated portion. 

Roots had developed after 28 days on the basally- 
treated leafy cutting as shown in figure 2 (bottom). 
Autographically demonstrable C** activity could be 
observed in the roots, stem, and leaf. In the apically- 
treated and leafless cuttings, radioactivity was de- 
tectable in all parts of the cutting 20 days after treat- 
ment but no callus or roots developed at either end 
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Fic. 2. Distribution of radioactivity in Marianna 2624 plum stem cuttings treated by immersing the basal 1% 
in for 5 seconds in a 4,000 ppm alpha-carbon labeled indoleacetic acid solution. 

(Top, left). Original mounts. (Top, right). Radioautographs. (left to right): 1). Leafless cutting, basally- 
treated, 114 hours after treatment. 2). Leafless cutting, basally-treated, 4 days after treatment. 3). Single-leaved 
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TABLE I 
DIsvRIBUTION OF C14 From ALPHA-LABELED INDOLEACETIC ACID IN MARIANNA 2624 PLUM CutTTINGs* 








POSITION ON CUTTING 





Days 
AFTER 
TREATMENT 


BASAL THIRD MIDDLE THIRD 


APICAL THIRD 





(10 sec DIP 
oF BASAL 
1% IN OF 


STEM LEAVES 


STEM 


LEAVES STEM 


TotaL 





CUTTINGS 
IN a- 
LABELED 


uC/G 
D. wt, 
«x 1074 


uC/c 
D. wrt, 
x 10-4 


Counts/ 
MIN 


Counts/ 
MIN 


Counts/ 
MIN 


uC/G 

uC/G D. wt, 
D. wT, SAMPLE 
x 10-* x 


uC/G 


Counts/ ‘e Counts/ 


hy a, pee D. wt 








1.96** 
10.84 

8.60 

8.74 


163.83 0 0 
80.68 3.03 6.90 
83.24 1.0288 3.40 
55.36 1.89** 3.24 


72.91 
39.41 
47.50 
27.16 


34.7 
24.0 
20.8 
17.7 


5.74 
22.24 
17.07 
17.01 


2.62 
2.09 
0.94Ns 





* Statistical treatment applied to counts per minute only. 
NS—not significant at 5 per cent level. 
** Sionificant at 5 per cent level. 


aiter 28 days. Similarly, basally-treated leafless cut- 
tings showed no callus or root development in this 
time. 

As corroboration of the radioautographs, the dis- 
tribution of C4 in treated cuttings was determined 
by counting techniques. The data, as given in table 
I, show a decrease in the total radioactivity in the in- 
dividual samples with time. The most rapid decrease 
occurred within 24 hours after treatment, when the 
activity dropped from 34.7 x 10~* microcuries per 
gram dry weight to 24.0 x 10~* microcuries. Im- 
mediately after treatment a low, but significant, 
amount (5.74 x 1074 microcuries per gram dry 
weight) of radioactivity was present in the stem sec- 
tion adjacent to the treated basal third but the leaves 
showed no C'* activity. After 24 hours, low but 
significant amounts of radioactivity were found in 
all parts of the cutting. Thereafter, the radioactivity 
in the upper 4 in of the cutting was relatively constant 
despite a consistent decline in the cutting as a whole. 
After 12 days, the cuttings still contained approximate- 
ly 50% of the C'* activity noted immediately after 
treatment. 

The radioautographs showed that leafless and leafy 
cuttings apparently absorbed equal amounts of the 
alcoholic TAA solution. This observation was con- 
firmed by the counting technique. Each leafless cut- 
ting had 12.4 x 1074 microcuries, while each leafy 
cutting had 11.8 x 1074 microcuries. From the 


(All others significant at 1 % level.) 


specific activity it was calculated that each cutting 
had absorbed 0.0023 mg of IAA. 

The results of the experiment to determine whether 
C40, was evolved by cuttings treated with labeled 
IAA are shown in figure 3. During the first 12 hours 
after treatment, C'*O, was evolved at the average 
rate of 3.04 x 10~* microcuries per hour (2 net 
counts/min). Sixty hours after treatment, radio- 
active CO, was being evolved at the rate of 5.0 x 10-4 
microcuries per hour (675 counts/min). Following 
this peak, there was a rapid decrease in the radio- 
activity of the respiratory CO, until the 7th day. 
Thereafter, the C'* activity was relatively constant 
until the experiment was terminated. When tissue 
slices were treated with labeled IAA, the respiratory 
CO. showed 54.1, 63.1, and 98.4 counts per minute 
after 1, 2, and 4 hours, respectively. To determine 
if the auxin destruction was enzymatic, both intact 
and autoclaved stem pieces were dipped in the labeled 
IAA. Carbon dioxide was trapped for 60 hours and 
assayed for total carbon and C" activity. The intact 
tissues yielded carbonate having 15.7 net counts per 
minute (6.7 X 1074 microcuries of C!4). The auto- 
claved samples yielded insignificant amounts of car- 
bonate and contained no measurable radioactivity. 

When the leachings from cuttings were checked 
for indoleacetic acid oxidase activity with the Sal- 
kowski reagent, an indication of a rapid destruction 
of IAA was obtained. To ascertain whether this ap- 





cutting, apically-treated, 5 hours after treatment. 


4). Single-leaved cutting, apically-treated, 4 days after treatment. 


5). Single-leaved cutting, basally-treated, 4 days after treatment. 


(Bottom, left). Original mounts. 


(Bottom, right). Radioautographs. 


(left to right): 1). Single-leaved cut- 


ting, basally-treated, 28 days after, treatment. 2). Single-leaved cutting, apically-treated, 20 days after treatment. 
3). Leafless cutting, basa!ly-treated, 20 days after treatment. 
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parent destruction was an enzymatic phenomenon or 
an artifact, leachings from autoclaved tissues were 
results showed that autoclaved 
leachings apparently destroyed IAA at 1.5 times the 
rate of non-autoclaved preparations—0.138 and 0.086 
When 
two preparations obtained from breis of intact and 


also tested. The 


micromoles destroyed in 2 hours, respectively. 


autoclaved tissues, respectively, were assayed for [AA 


oxidase activity with the Warburg apparatus, no oxy- 
The same 


gen uptake was observed in either case. 
reaction mixture when tested by the Salkowski re- 
action showed a marked apparent destruction of IAA. 
Using the same concentration of IAA, it was found 
that adding small amounts of catechol in the absence 
of plant extract gave results quite similar to that noted 
with autoclaved leachings. 

The results of an assay for peroxidase activity in 
the leachings from autoclaved and non-autoclaved 
tissues showed that non-autoclaved tissues had a very 
active peroxidase and the autoclaved tissues none. 
There was no regeneration of the peroxidase in the 
autoclaved tissues after 24 or more hours. 





COUNTS PER MINUTE 











10) L 





TIME AFTER TREATMENT (DAYS) 


Fic. 3. Radioactivity in the 


respiratory CO, of 
Marianna 2624 plum stem cuttings treated with a 4,000 
ppm alpha-carbon labeled indoleacetic acid solution for 10 
seconds. 


ie) 5 10 15 20 25 30 
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DISCUSSION 


Good agreement was obtained between t! radio. 
autographic and counting methods as a me ‘sure of 
the absorption and translocation of labele.! JAA, 
Both techniques showed a rapid absorption an! move. 
ment of IAA. Most of the radioactivity rem. ined in 
the basal portion of the cuttings with onl: slight 
amounts distributed through the rest of the « ittings, 
This situation persisted from 1 day after treatment 
until rooting occurred. 

It seems that some mechanism other than tr ispira- 
tional pull must have been responsible for the rapid 
uptake of IAA in the cuttings, since leafless cuttings 
absorbed the same amount of IAA as did leafy cut- 
tings. 

Since the C'* assay gives no indication as to the 
nature of the compounds in which the C'* activity is 
located it was not possible to compare our results with 
those of Cooper (4), who used the standard Avena 
curvature test to determine the auxin distribution in 
basally-treated cuttings. Similarly, it is not possible 
to compare these results with those of Turetskaya 
(25), who dipped cuttings into relatively weak NAA 
solutions for 15 hours. 

Whether the early distribution of radioactivity 
through the cutting was important in root initiation 
is not known since the identity of the compound(s) 
containing the radioactivity was not determined. 
This is especially true when one considers the work 
of Andreae et al (1,7), and Fang and his co-workers 
(5), who found that applied IAA conjugated with 
aspartic acid and ammonia and very little free [AA 
accumulated. Some of these conjugates had auxin 
activity varying from very weak to that comparable 
to IAA, depending on the assay method used. 

It is doubtful that the radioactivity found in the 
roots of the cuttings was still in the IAA molecule 
since it is well known that roots have a strong ability 
to destroy IAA (28). In addition, Bonner and 
Bonner (2) believe that an essential feature of root 
induction by auxins is that the active substance must 
have disappeared before emergence of the new roots. 

From the data obtained in this study, it is not 
possible to determine if [AA changed the rooting be- 
havior of the cuttings by mobilization of some 
factor(s) in the leaf. 

From the counting data, it was evident that the 
total amount of radioactivity in the cuttings decreased 
with time. The sharp decrease that occurred within 
the Ist day after treatment probably is not due to er- 
zymatic destruction of IAA. Since in this experi- 
ment no effort was made to remove the IAA solution 
from the surface of the basal ends of the cuttings after 
treatment, and since the cuttings were placed under 
intermittent mist, much of the loss in the first 24 hours 
was probably due to washing the labeled solution from 
the surface. However, it seems likely that most of 
the subsequent disappearance of radioactivity could be 
ascribed to enzymatic destruction. This is supported 
by the persistence of C'* in the respiratory carbon 
dioxide for more than 4 weeks after treatment. As 
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shown in figure 3 a very marked destruction of 
[AA occurred after an initial lag period of 1 day. 
This lag period could represent the time required for 
the IAA to move from the xylem, where it first ac- 
cumulated, to the phloem, where it came in contact 
with living cells, capable of metabolizing the auxin. 
This explanation seems probable since measurements 
of the radioactivity of respiratory CO, showed that 
tissue sections treated with labeled IAA for 10 sec- 
onds could metabolize IAA within 1 hour after treat- 
ment. Presumably the lag period noted with whole 
cuttings represented the time it took for complete 
distribution of the labeled auxin throughout the cut- 
ting 

Although much work has been done to determine 
the mechanism whereby IAA is oxidized by IAA oxi- 
dase, the results have been conflicting. The same 
situation exists regarding the identity of the products 
of IAA metabolism (11, 16, 17,19, 22, 23,27). <Ac- 


cording to Ray (18), the lack of agreement as to the 
products of IAA oxidation is due to the fact that an 
unstable intermediate is formed which subsequently 
yields two or more substances. 


To study the products of IAA oxidation, much 
use has been made of radioactive IAA. Radioactive 
CO, has been found in all cases where carboxyl- 
labeled IAA was used, either with purified enzyme 
systems or with tissue sections. In the one instance 
where alpha-labeled TAA was employed, no radio- 
active CO. was observed (22), but the purified en- 
zyme used in this case was able to form a number 
of radioactive products. 

As to the nature of the IAA oxidizing enzyme, 
Ray (18) stated that most of the IAA oxidation in 
homogenates can be accounted for by peroxidases. 
Bonner (3) stated that there is no one specific IAA 
oxidase, but rather that a variety of IAA oxidizing 
systems seem to be produced as a result of cell rupture. 
In this study it was found that the alpha carbon ap- 
peared in the respiratory CO, in less than 1 hour 
from the time of treatment when tissue sections were 
used. Two explanations seem possible to account 
for this, and both possibilities require a cleavage of 
the indole ring as occurs in tryptophane degradation 
(13). Once the ring is broken a B-oxidation could 
occur as it does in the case of fatty acid oxidation, or 
alternatively, two successive alpha-oxidations could 
occur as in the case of the oxidation of long chain 
fatty acids by fatty acid peroxidase (21). 

The results of this study imply that the mechanism 
for IAA metabolism by tissue slices may be different 
from that operating when purified enzyme systems 
are used. 

It is well known that B-oxidation involves the for- 
mation of acetyl coenzyme (Co.A). Once this is 
formed, the labeled carbon can appear in a wide va- 
riety of compounds such as respiratory CO., organic 
acids, amino acids, and proteins. Any of these could 
account for the appearance of radioactivity in the 
respiratory CO. and in the newly formed roots. 

No oxygen uptake by preparations obtained from 
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breis of non-autoclaved tissue was observed. This 
could be ascribed to the fact that no attempt was made 
to control the pH and tonicity during blending of the 
tissue. In addition, naturally-occurring inhibitors 
could have been present. 

Our experiments suggested two possible mecha- 
nisms for auxin destruction in cuttings of Marianna 
2624 plum. One was clearly enzymatic as evidenced 
by evolution of C!*O, in non-autoclaved tissues. The 
other was apparently non-enzymatic as shown by auto- 
claved tissues when tested by the Salkowski reagent. 
When the latter was pursued further, however, it be- 
came clear that an artifact was involved in the Sal- 
kowski test. This was evident for three reasons. 
First, the autoclaved tissues were more effective in 
the apparent destruction of [AA than were the intact 
tissues; if the apparent destruction was enzymatic, a 
decrease in activity, if not complete inactivation, 
would have been expected. Second, the autoclaved 
tissues did not show peroxidase activity. The degree 
of heat inactivation of this enzyme often is used as a 
measure of completeness of enzyme destruction in 
canned foods; it seems very improbable that an IAA 
oxidase would be more heat stable than peroxidase. 
Finally, no C!* liberation occurred when the labeled 
auxin was incubated with autoclaved tissues. 

Platt and Thimann (15) have warned against the 
use of the Salkowski test with plants having a high 
level of phenols. The cut surfaces of the Marianna 
2624 plum stem were noted to darken quite readily, 
indicating phenolase activity on endogenous phenols. 
The tissues were shown to have phenolase activity by 
their capacity to oxidize added catechol as measured 
by Warburg manometry. Therefore, it appeared 
that these tissues were capable of interference with 
the Salkowski test noted by Platt and Thimann (15). 
Indeed, addition of small amounts of catechol to [AA 
in the absence of enzymes gave a Salkowski color test 
analagous to that obtained with leachings from auto- 
claved tissues. From these results it is clear that 
the apparent destruction of [AA as measured by the 
Salkowski test was an artifact. The greater capacity 
of autoclaved tissues to destroy IAA probably reflects 
an increased release of phenolic substances from the 
tissues by heat destruction of cytoplasmic membranes. 
In this regard, the results reported by Phipps (14) 
are open to question, for she reported O.-independent 
auxin destruction by leaf extracts of potato and to- 
mato which was increased by heating. She used the 
Salkowski test, and was perhaps observing phenolic 
interference with the test, similar to that reported here. 


SUMMARY 


I. The absorption, translocation, distribution, and 
destruction of alpha-labeled IAA was determined in 
Marianna 2624 plum stem cuttings, using radioauto- 
graphic and counting techniques. 

II. No difference was observed in the amount of 
IAA taken up by leafy and leafless cuttings treated 
by the concentrated-solution-dip method. 
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III. At the concentration used in these experi- 
ments, the [AA moved in both acropetal and basipetal 
directions. In leafy cuttings the radioactivity was 
distributed throughout the entire cutting 24 hours after 
treatment. 

IV. Adventitious roots induced by IAA treat- 
ment showed appreciable amounts of radioactivity 28 
days after the cuttings were treated. At this time 
considerable radioactivity was still evident in all parts 
of the cutting. 

V. Cuttings treated with alpha-labeled IAA 
showed detectable amounts of radioactivity in the 
respiratory CO, within 12 hours from treatment. 
Within 60 hours the respiratory CO,, precipitated as 
BaC'*O, counted 675 net counts per minute. By the 
7th day this value had decreased to 42 net counts per 
minute. The respiratory CO, still showed some 
radioactivity 30 days after treatment. 

VI. Tissue slices prepared from Marianna 2624 
plum stem tissue metabolized alpha-labeled IAA very 
readily since appreciable amounts of C!*O, were de- 
tected within 1 hour after treatment. 

VII. Homogenates prepared from both intact 
and autoclaved plum stem tissue showed an apparent 
destruction of IAA as measured by the Salkowski re- 
action. Peroxidase activity could only be demon- 
strated in’ the homogenate obtained from the intact 
tissue. The data obtained suggested that the destruc- 
tion was due to an interference of endogenous phenolic 
substances with the Salkowski reaction. 

VIII. Two possible mechanisms are suggested 
for the oxidation of IAA by the plum stem tissue. 
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EFFECT OF WATER STRESS ON CELL WALL 


METABOLISM 


OF AVENA COLEOPTILE TISSUE! 
LAWRENCE ORDIN * 


INSTITUTE OF Sort SCIENCE, AGRICULTURAL RESEARCH STATION, REHOVOT, I RAEL 


Many papers published during the past two decades 
have shown the close relationship between moisture 
stress and growth. Moisture stress may be defined as 
the diffusion pressure deficit (DPD) of the water in 
the medium supporting a plant or surrounding iso- 
lated plant parts. It can consist in whole or in part 
of osmotic pressure (OP) due to dissolved solutes 
in the water. Reviews of the literature are given by 
Crafts, Currier, and Stocking (6), Richards and 
Wadleigh (15), and more recently by Slatyer (18). 
Wadleigh and Gauch (20) showed how rate of ieaf 
elongation in cotton is closely dependent upon the 
soil moisture stress. In the Avena coleoptile the 
growth variable most sensitive to various factors is 
elongation which is accompanied by an increase in 
cell wall material at room temperatures, but not at 
2°C, as shown by Bonner (2). Elongation in this 
tissue is reduced markedly by an increase in moisture 
stress in the surrounding medium (11). 

Since some aspect of cell wall metabolism appears 
to be directly involved in cell elongation (4), it is 
particularly interesting to investigate the cell wall 
with respect to water stress. In the plant cell the 
DPD consists of the internal OP minus the wall 
pressure which equals turgor pressure (TP). In 
the case of the coleoptile section the cell DPD equals 
the medium DPD (11). 

In a previous paper (10) it was shown that an 
increase in DPD of coleoptile tissue reduces the 
amount of C!* incorporated from glucose-C'* into 
various cell wall constituents. There was a prelim- 
inary suggestion that by increasing TP, salt absorp- 
tion results in increased C'* incorporation into cell 
wall constituents. It was not clear, however, if all of 
the effects observed could be ascribed only to an in- 
crease in TP and not also to an increase in internal 
OP. 

This investigation was undertaken to evaluate 
more accurately the effects on cell wall metabolism 
of factors influencing the DPD and TP of the tissue. 


' Received September 15, 1959. 
? Present address: Department of Plant Biochemistry, 


Citrus Experiment Station, University of California, 


Riverside. 


MATERIALS AND METHODS 


In this investigation variation of mannitol con- 
centration in the medium and exposure to salt was 
used to vary DPD and internal OP (leading to varia- 
tions in TP). 

Avena seedlings (variety Rodney) were grown 
for 96 hours in enameled trays containing vermicu- 
lite. These were maintained at 26° C under red- 
orange light and were watered daily with deionized 
water. Harvesting of sections and all subsequent 
operations were carried out in diffuse daylight ex- 
cept pretreatments and growth tests, which were car- 
ried out in the dark. Coleoptiles of 25 to 35 mm 
length were selected. Primary leaves were removed 
and 5 mm sections cut 2 to 3 mm from the tip of 
each coleoptile were used. 

Various pretreatments which will be described 
later were carried out in 20 ml of solution in Petri 
dishes. Groups of 100 sections were then floated for 
3 hours in 3.5 ml each of treatment solutions con- ° 
taining glucose-C'* in 50 ml Pyrex beakers which 
were slowly shaken at a rate of about 50 strokes per 
minute. The radioactive solutions contained 1 micro- 
curie per vessel of uniformly labeled glucose-C'* un- 
diluted by added carrier. The glucose which had a 
specific activity of 67.5 microcuries per mg glucose 
was purchased from the Radiochemical Centre, 
Amersham, England. Temperatures on the shaker 
are given in the accompanying tables. At the end of 
the incubation period the sections were transferred 
to a fritted glass plate filter funnel and rinsed several 
times with water accompanied by suction. The tis- 
sue was then frozen in liquid air and stored frozen 
until analyzed. A supplementary experiment showed 
that this method of rinsing gave the same value of 
total C'* uptake by intact sections as the uptake ob- 
tained either with coleoptile sections from which 
leaves have not been removed or with leafless sections 
which were blotted dry by pressure (sufficient to 
expel water from the interior hollow cylinders) on 
filter paper, and which were then rinsed with water 
and reblotted. 

The frozen tissue was ground in cold water in 
a glass mortar; the homogenate then was transferred 
to a fritted glass plate filter funnel. The stem of 
this funnel was bent in an inverted U shape to form 
a Weihe-Phillips extractor similar to that described 
by Kertesz (8). The homogenate was washed 
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thoroughly with cold water and the extract collected 
in test tubes as were the extracts of the cell wall 
proper. Next the debris was washed wit'} ethanol and 
ethyl ether. These extracts were discard*d. Extrac- 
tion in sequence was as follows: A. T:wice for 10 
minutes each with 3 ml hot water at the: temperature 
of a boiling water bath; B. Three times with 3 ml hot 
re N HCI for 20 minutes each; C. On¢e with 3 ml 

% NaOH or 5% KOH at room température for 2 
Mich followed by water rinse; D. Once with 2 ml 
17.5% NaOH or 24% KOH overnight: followed by 
water rinse, and E, Gnee with 3 ml ho: acetolyzing 
reagent which dissolves cellulose (17) fer 20 minutes 
followed by 1 ml of the same reagent. Extracts were 
made to volume and mixed; aliquots wére plated on 
stainless steel planchets. This was done directly in 
the case of the cold water, hot water, and HCl ex- 
tracts. Alkali extracts were neutralized either before- 
hand or directly on the planchets with HCl. The 
acetolyzed extract was heated 40 minutes in a boiling 
water bath with one-third volume added water. The 
sulfuric acid of the acetolyzing reagent was eliminated 
by adding one-half volume 2 N barium acetate. The 
supernatant plus washings of the BaSO, were mixed, 
made to volume, and aliquots of the partial hydroly- 
sates were plated on the stainless steel planchets. 
Direct plating of the acetolyzed extracts was also 
tried ; although this process yielded essentially similar 
results it was less useful for very low activity solutions 
due to the water absorbed during long counting 
periods. Carbohydrate components of the various 
fractions were determined by paper chromatography. 

Both a thin end window Geiger-Miiller tube and a 
gas flow counter fitted with a micromil window 
(Nuclear-Chicago) in an atmosphere of Q-gas were 
used. To compare the tables more easily however, 
all data were corrected to the gas flow counter by 
means of a common carbon 14 standard. All counts 
were corrected for background and self absorption 
(to infinite thinness). The results are expressed as 
total cpm per 100 sections. All treatments were car- 
ried out in triplicate; the average range was less 
than 15 per cent of the mean. 

Total C'* absorbed was obtained by adding all the 
fractions together with the cold water extract which 
contains the bulk of the cytoplasmic proteins and solu- 
ble components. Preliminary examination of these 
cold water extracts indicated the presence not only 
of radioactive glucose but also of radioactive protein, 
amino acids, and soluble polysaccharides. This total 
of course did not include C'4O, respired nor the dis- 
carded extracts. The latter amounts are small and 
can be neglected. The C'4O, respired is larger and 
conceivably might vary among the treatments although 
it probably varies less than does the uptake in the 
cold water extracts since respiration in Avena coleop- 
tile sections is little affected by water stress (11). 

Internal OP (corrected for section length) was 
determined by the plasmolytic method to the nearest 
0.05 M for some of the treatments and was estimated 
for the rest. Estimates of OP for tissue in salt-free 
mannitol pretreatments are based on OP measure- 


ments of initial sections, on the negligible ris. in Op 
due to mannitol (11), and on the section len:th in a 
given treatment. OP, DPD, and TP are expressed 
in terms of molarity of mannitol solutions. P was 
determined by subtracting DPD from the measured 
or estimated OP. 

Where growth potential was investigated «xperi- 
ments were carried out with 5 mg per liter of K-free 
indoleacetic acid (IAA). 


RESULTS 


Comparing high DPD non-salt treatment with 
high DPD salt treatment helps to clarify the relative 
roles of TP and OP in high DPD inhibition of growth 
and metabolism. If an increase in internal OP is 
primarily responsible for high DPD effects the salt 
treatment should enhance the high DPD induced ef- 
fects due to absorption of ions. If on the other hand, 
TP is the determining factor, the salt treatment should 
decrease the high DPD induced effects due to an 
increase in TP. 

In the earlier paper (10) treatment with 0.16M 
KCI resulted in levels of C'* incorporation which were 
markedly less than expected. Turgor effects on me- 
tabolism occurred despite the lower levels of incorpo- 
ration. To check this point further, an experiment 
was carried out in which the following treatments 
were compared : 

I. High DPD (equivalent to 0.35 M) treatment 
in which sections were pretreated 8 hours in 0.35M 
mannitol and then transferred to 0.35 M mannitol with 
glucose-C!*. Since internal OP was found to be 
equivalent to 0.45 M mannitol, TP would be 0.10 M. 

II. High DPD salt treatment in which sections 
were pretreated 8 hours in 0.175 M KCI (equivalent 
to 0.35M mannitol) and then transferred to 0.35M 
mannitol with glucose-C'*. Internal OP was meas- 
ured and found to be equivalent to 0.60 M mannitol 
after 5 hours; therefore, TP would be in excess ot 
0.25 M after 8 hours. Since the work of Cooil and 
Bonner (5) indicates that previously absorbed Ca 
can be partially lost from coleoptile sections during 
subsequent treatment in water, an analysis of K be- 
fore and after mannitol incubation was carried out for 
a salt treatment. It was found that no K was lost. 
and consequently it may be presumed that internal 
OP remained constant. 

IIT. High DPD salt treatment similar to the one 
above, but in which the sections were transferred 
after pretreatment to 0.175 M KCI with glucose-C™. 
This treatment was included to determine the effect 
of continuous presence of KCI at the same DPD as in 
the above treatments. The OP and TP here are 
probably slightly greater during the incubation with 
Cs. 

These treatments (results summarized in table 
I) show that there is no marked difference in the 
total C'* absorbed. Compared with non-salt treated 
sections, there are only small relative increases im 
incorporation into the total wall and into the hot 
acid extract of sections transferred from KCI to man- 
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ORDIN—-WATER STRESS ON CELL WALL METABOLISM 


TABLE I 


Errect oF KCi at Constant DPD on INcorPoRATION oF C!4 FROM GLUCOsE-C1!4 
INTO CELL WALL FRACTIONS OF AVENA COLEOPTILE SECTIONS 














Cem xX 10-3 per 100 SECTIONS 








CELL WALL FRACTIONS 





Hor 
H,O 
SOLUBLE 


Hot 
HC. 
SOLUBLE 


4% 
TREATMENT 


NA OH 
SOLUBLE 


a TOTAL 


ABSORBED 


17.5% 
NaOH 


SOLUBLE EXTRACT 





2.4 
2.8 
1.6 


12.0 
24.5 
18.3 


30.2 
33.4 
23.9 


High DPD, no salt* 
High DPD, salt** 
High DPD, salt*** 


2.2 
4.7 
3.6 


217 
231 
220 


169 
161 
171 





8 hour pretreatment at 26° and 3 hour incubation with C14 at 28.5° C. 
*(0.35 M mannitol pretreatment followed by 0.35 M mannitol incubation with C'*. 


OP = 0.45 M, estimated TP = 0.10 M). 


** () 175 M KCI pretreatment followed by 0.35 M mannitol incubation with 


OP > 0.60 M, estimated TP > 0.25M). 


*** ().175 M KCI pretreatment followed by 0.175 M KCl 


OP > 0.60M, estimated TP > 0.25 M). 


nitol but there are two- to three-fold increases in alkali 
soluble fractions and the cellulose. The continued 
presence of high KCI concentrations during the C1 
incubation, however, interferes with cell wall metab- 
olism in some as yet unclear fashion. This is par- 
ticularly noticeable in the lower incorporation into 
the hot water and acid extracts. 

Since there appears to be an inhibiting effect due 
to the high amounts of KCI present, another experi- 
ment was carried out using 0.025 M KCI plus 0.3 M 
mannitol in the salt pretreatment (instead of 0.175 M 
KCl). This was found to produce OP of 0.60M 
and TP of 0.25M. The high DPD, non-salt treat- 
ment was the same as above. Comparing high DPD 
salt treatment with intermediate DPD non-salt treat- 
ment of the same TP further clarifies the respective 
roles of TP and OP. Since TP would be similar in 
these two treatments, differences observed would be 
nil if TP effects are all-decisive. Any difference ob- 
served would have to be accounted for by OP dif- 
ferences in tissues of the two treatments and, possibly 
by specific salt effects. Since unpublished data show 
that previous low turgor allows less subsequent growth 
at higher turgor than is found in tissue never exposed 
to low turgor, it was considered desirable to expose 
the sections of both these treatments to the same turgor 
history. Since the salt pretreated tissue appears to 
achieve a TP after 8 hours equal to one existing in a 
tissue whose DPD is equivalent to 0.15 M mannitol, 
as determined both by length of section and by esti- 
mate of internal OP, an intermediate DPD non-salt 
treatment was carried out in which tissue was placed 
in 0.35 M mannitol and the DPD was lowered to 0.15 
M by adding known volumes of water during the 8 
hour pretreatment. The internal OP being 0.4 M, 
the TP would be 0.25M. After such pretreatment, 
sections were placed in 0.15 M mannitol with glucose- 


=. 


1 microcurie glucose-C!4 per treatment. 
(DPD = 0.35 M, estimated 


C4. (DPD = 035M, estimated 


incubation with C!*. (DPD = 035M, estimated 


The data obtained are presented in table II. 
Compared with the high DPD non-salt treatment, the 
intermediate DPD treatment shows about one-third 
more C!* absorbed and two to three times as much 
C' in the non-cellulosic polysaccharide fractions and 
four times as much in the cellulose. The salt-treated 
sections show essentially as much total absorption of 
C'* and incorporation into the non-cellulosic polysac-. 
charide fractions as does the intermediate DPD-treated 
material, but relatively less incorporation into cellu- 
lose. 

NaCl pretreatments, both at 0.175 M and at 0.025 
M with 0.3 M mannitol, were also carried out in the 
same experiment. Internal OP of the lower con- 
centration NaCl was found to be slightly less than 
for KCl giving rise to an apparently lower TP. 
Eight hour pretreatments were used; they were fol- 
lowed by incubation with glucose-C'* and 0.35 M 
mannitol as above. As shown in the lower part of 
table IT, salt treatment with NaCl also results in in- 
creased incorporation into all fractions except that 
the high NaCl pretreatment seems to have had rela- 
tively little effect on absorption of C'* or on incorpo- 
ration into the hot water soluble or alkali soluble frac- 
tions compared with the high DPD non-salt treat- 
ment. The lower NaCl with mannitol pretreatment, 
like the comparable KCl treatment, definitely en- 
hances incorporation into all fractions. The differ- 
ence in TP may be more apparent than real since the 
KCl tissue OP was actually calculated as 0.58 M while 
the NaCl tissue OP was calculated as 0.56 M. These 
differences are smaller than the experimental error. 

To see if chloride ion was causing a specific effect 
on incorporation an experiment was carried out with 
another salt, namely KNO,. The intermediate DPD 
non-salt treatment, however, remained at 0.15M 
mannitol throughout the experiment. It can be seen 
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TABLE II 


ErFeEct oF KCt AND oF NACL ON INCORPORATION OF C!+4 FROM GLUCOSE-C!+ 
INTO WALL FRACTIONS OF AVENA COLEOPTILE SECTIONS 











Cem x< 10-3 PER 100 sEcTIONS 





CELL WALL FRACTIONS 





Hot Hot 5% 
HO HCi 


SOLUBLE SOLUBLE 


TREATMENT 


KOH 


SOLUBLE 


24% 
KOH 


SOLUBLE 


CoLp 
H oO OTAL 
EXTRACT ORBED 


CELLU- 
LOSE 


ToTaAL 








High DPD, no salt* 16.2 10.3 
Intermediate DPD** . 40.5 24.3 
High DPD, salt*** 42.3 23.9 
High DPD, salt+ 28.7 111 
High DPD, salt++ 7 38.9 27.6 


2 2 se 154 «192 
10.9 86.6 221 08 
9.9 5. 86.1 213 299 
79 ! 54.6 157 212 
11.5 6.4 89.1 208 07 





7 





8 hour pretreatment at 26° C and 3 hour incubation with C!4# at 25° C. 


treatment. 


* 0.35 M mannitol pretreatment followed by 0.35 .M mannitol incubation with C'+. 


OP = 0.45 M, estimated TP = 0.10 M). 


1 microcurie glucose-C'* per incubation 


(DPD = 0.35 M, estimated 


**().35 M mannitol diluted with H,O after 2 hours to 0.3 M, after 4 hours to 0.2 M and after 6 hours to 0.15 M 


in pretreatment followed by 0.15M mannitol incubation with C'+. 


estimated TP = 0.25 M). 


*** (025 M KCI + 0.3M mannitol pretreatment followed by 0.35 M mannitol incubation with C14, 


0.35 M, OP = 0.60M, TP = 0.25M). 


+ 0.175 M NaCl pretreatment followed by 0.35 M mannitol incubation with C14, 


OP = 0.60 M, estimated TP = 0.25M). 


++ 0.025 M NaCl + 0.3M mannitol pretreatment followed by 0.35 M mannitol incubation with C't. 


0.35M, OP = 055M, TP = 020M). 


again that incorporation into the various fractions 
is increased by means of salt pretreatments (table 
III). Potassium nitrate appears to be less effective 
than KCl in restoring incorporation responses. This 
may possibly be due to slightly lower OP (found to 
be 0.55 M giving TP = 0.20) than for KCI treatment. 

In order to see what sugars of the wall fractions 
are affected by the treatments, fractions were studied 
chromatographically. The hot water-soluble, dilute 
acid-soluble, and dilute alkali-soluble fractions of tis- 
sue (from an experiment similar to that described in 
table II) were hydrolyzed with 1 N H.SO, for 5 to 
6 hours. After removing excess H.SO, with BaCO,, 
the sugars were extracted with hot pyridine. The 
sugars were then chromatographed both in water 
saturated phenol and in butanol: acetic acid: water 
(4:1:5). The sugars were tentatively identified by 
position and aniline phthalate spray compared with 
sugar standards run at the same time. It was found 
that the hot water extract of polysaccharides appears 
to contain mainly glucose and glucose-like substances 
with small quantities of xylose, arabinose, and uronic 
acid; the dilute HCI extract polysaccharides contain 
mostly xylose and arabinose in about equal amounts 
with smaller quantities of glucose, galactose, and 
uronic acid. The dilute alkali extract polysaccharides 
consist of xylose, with smaller quantities of glucose, 
galactose, and arabinose. All these sugars were 
radioactive as shown by exposure to Ilford medical 
X-ray film. The completely hydrolyzed cellulose ex- 
tract shows only glucose. Bishop et al (3), how- 


(DPD = 0.15 M, estimated OP = 040M, 
(DPD = 


(DPD = 0.35 M, estimated 


(DPD = 


ever, (by much more detailed chemical analysis) 
have shown minor amounts of other sugars to be 
present in the cellulose. Sugar spots were cut out 
of the chromatograms and counted under the micro- 
mil window. The semi-quantitative data obtained 
indicated that low turgor results in apparently less 
radioactivity in all sugars. 

In order to examine the sugars of the concen- 
trated alkali extracts a different method of hydrolysis 
was used. The alkali extracts (experiment described 
in table III) were treated with 83 % ethanol (final 
concentration) to precipitate polysaccharides. These 
precipitates were washed with ethanol and absolute 
ethanol. The dry precipitate was then hydrolyzed 
with 1 N HCl in sealed ampules for 8 hours (3). The 
dilute alkali extract yielded results as described above 
for the pyridine extractions. The concentrated alkali 
extract showed that mainly glucose polymers had been 
extracted with much smaller amounts of polymers of 
xylose and arabinose. All these sugars were also 
radioactive. 

Since an increase in DPD causes a marked decline 
in TAA-induced elongation (11), a comparison was 
made between elongation and cell wall metabolism. 
A direct comparison of the above data with TAA-in- 
duced elongation is not possible since the DPD values 
involved appear to be above those where one can meas- 
ure elongation after a short time period. The data 
of Ordin et al (11) indicated that one cannot detect 
elongation at a DPD equivalent to about 0.2 M manni- 
tol when no absorbable solute is present. To make 


High | 
Intern 
High 
High 
8 I 
treatm 


the r 
to cal 
0.2 M 

Fc 
as Wi 
incred 


Inter: 
Low 


Zero 


Intert 
Si 


4 
witho 
*] 








is) 


out 
ro- 


led 
Ss 


SiS 
ved 
nal 


ute 
zed 
‘he 
ve 
ali 
en 


Iso 


ine 
yas 
m. 
in- 
1es 
AS- 
ata 
ect 
ni- 
ike 








ORDIN—WATER STRESS ON CELL 


TABLE III 


EFFEcT OF KNO, AND oF KCi on INCORPORATION OF C!4 FROM GLUcosE-C!# 
INTO CELL WALL FRACTIONS oF AVENA COLEOPTILE SECTIONS 





WALL METABOLISM 























Cem xX 10~ 3 pER 100 SECTIONS 
CELL WALL FRACTIONS ; 
Hort Hor 5% 24% Pines 7 Cop : 

TREATMENT H,O HC. KOH KOH —s- * Seen. H,O Fute 
SOLUBLE SOLUBLE SOLUBLE SOLUBLE a extract “BSORBED 

High DPD, no salt* 17 13.7 6.3 5.6 2 as 135 

Intermediate DPD** 27 38.2 20.0 7.8 6.6 75.3 204 279 

High DPD, KNO,,*** 3.3 21.0 16.9 6.3 2.2 49.7 151 201 

High DPD, KClI+ 25 25.0 18.7 7.2 2.7 56.1 139 195 





8 hour pretreatment and 3 hour C!* incubation treatment at 27°C. 1 microcurie glucose-C!4 per incubation 
treatment. 


*().35 M mannitol pretreatment followed by 0.35M mannitol incubation with C!4. (DPD = 0.35 M, estimated 
OP = 0.45 M, estimated TP = 0.10M). 

**().15 M mannitol pretreatment followed by 0.15 .M mannitol incubation with C't. (DPD = 0.15 M, estimated 
OP = 0.40 M, estimated TP = 0.25M). 

*** ().025 M KNO, + 0.3M mannitol followed by 0.35 M mannitol incubation with C'4. (DPD = 0.35M, 
OP = 055M, TP = 0.20M). 

+0.025 M KCl + 0.3M mannitol followed by 0.35™M mannitol incubation with C't, (DPD = 0.35 M, 


OP = 060M, TP = 025 M). 


the required comparison, therefore, it is necessary into cellulose, only when elongation actually occurs. 
to carry out experiments in the range of DPD 0 to For the elongation experiments [AA was added and 
0.2 M mannitol, i.e., where one can measure elongation. glucose-C'* was omitted. Details of the treatments 

For the C'* experiments IAA was omitted since, and results are given in table [V._ Based on the same 
as was shown earlier (12,13), IAA causes small OP of 0.4M, the tissue of the zero DPD treatment’ 
increases in incorporation of glucose-C'*, particularly would have a TP equivalent to about 0.4 M and the 


TABLE IV 


Errect oF VARIOUS Osmotic TREATMENTS ON INCORPORATION OF C!# 
FROM GLuUCOSE-C!*# AND ON AUXIN-INDUCED ELONGATION 








Cem x 10-3 PER 100 SECTIONS 





CELL WALL FRACTIONS 








Hor Hot 5% 24% Cc ; Cop Tor ELonGa- 
TREATMENT H,O HCi KOH KOH _— TorTaL H,O rere TION* 
2 LOSE _ ABSORBED 
SOLUBLE SOLUBLE SOLUBLE SOLUBLE EXTRACT MM 

Intermediate DPD** 4.7 46.6 14.6 7.2 14.1 87 229 316 0.00 
Low DPD*** 5.8 71.6 24.8 8.8 25.3 136 221 357 0.24 
Zero DPD+ 55 60.0 19.8 8.9 29.7 124 230 354 0.40 
Intermediate DPD, 

salt++ 4.6 59.8 21.9 9.4 20.8 116 254 370 0.12 





4 hour pretreatment at 25° C and 3 hour incubation at 26°C. 1 microcurie glucose-C' per incubation treatment 
without IAA or 5 mg per liter IAA per incubation without C1. 

* Elongation measured as net above minus IAA control. 

**()2M mannitol pretreatment followed by 0.2M mannitol incubation with C'*. (DPD = 0.2M, estimated 
OP = 0.40 M, estimated TP = 0.20M). 

*** 2 M mannitol diluted with water after 2 hours to 0.1 M and after 3 hours to 0.05 M in pretreatment followed 
by 0.05 M mannitol incubation with C!4. (DPD = 0.05 M, estimated OP = 0.40 M, estimated TP = 0.35 M) 
+ No solutes in either pretreatment or incubation except for C'* in latter. (DPD = 0, OP = 0.4M, TP 
M) 


0.4} 


++ 0,025 M KC! + 015M mannitol pretreatment followed by 0.2 M mannitol incubation with C'4. (DPD = 
0.2M, estimated OP = 0.5M, estimated TP = 0.3M). 
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tissue of the intermediate DPD treatment (equivalent 
to 0.2 M) would have a TP equivalent to 0.2 M. The 
OP of the tissue of the diluted mannitol treatment 
(low DPD = 0.05M) would be about 0.4 M giving 
rise to a TP of about 0.35M. After 4 hours the 
sections of both this treatment and of the intermedi- 
ate DPD (equivalent to 0.2M) salt treatment had 
the same length. This would indicate approximately 
equal TP. An estimate, however, of the OP of the 
tissue of the intermediate DPD salt treatment, which 
was not measured here, indicates that it possibly was 
about 0.5 M giving rise to a TP of about 0.3M. A 
longer period of salt absorption with consequently 
higher TP would have been more desirable since it 
would have permitted a better evaluation of the 
effect of internal OP. 

The salt-treated sections grew about half as much 
as the sections of the low DPD treatment, probably 
because of the lower TP of the former. The small 
increase in OP involved here would have no influ- 
ence on elongation as indicated earlier (11). The 
sections of the low DPD treatment grew less than 
those of the zero DPD treatment. The intermediate 
DPD treatment depressed absorption and incorpora- 
tion into the various cell wall fractions, excluding 
cellulose, 10 to 25 per cent (depending upon the frac- 
tion) compared with the zero DPD treatment. In- 
corporation into cellulose was depressed to about half. 
The low DPD treatment, compared with the zero 
DPD treatment, tended to stimulate incorporation 


into most of the fractions except for cellulose into 


which incorporation was less. Incorporation into 
the wall of the salt-treated sections showed little dif- 
ference from the zero DPD-treated sections except 
that again incorporation into cellulose was less. Due 
to the possible TP difference between the salt and 
low DPD treatments one cannot judge directly if 
any part of the lesser cellulose incorporation in the 
salt treatment is due to a higher OP. In view of 
the lesser incorporation into the other fractions, how- 
ever. it can be inferred that OP probably had little 
inhibiting influence in this range of DPD. Taking 
into account that a certain amount of incorporation 
into cellulose can occur when the potential for elonga- 
tion is nil, the changes in cellulose appear to vary in 
the same fashion as rates of elongation. This is not 
the case for the other fractions. 


DISCUSSION 


That the incorporation studied here appears to 
be net synthesis rather than turnover is suggested by 
the earlier work of Ordin et al (13) where little loss 
of previously incorporated C'* occurred from tissue 
during a long period of incubation in 0.09 M non- 
radioactive glucose. 

The results presented earlier (10) indicate that 
in the Avena coleoptile, metabolism of the various 
cell wall fractions is greatly dependent upon the DPD 
of the tissue when little or no solute absorption can 


occur. A relatively small DPD (in the ab: nce of 
salts) brings about a notable decrease in in rpora- 
tion of C'* from glucose into the hot acid soluble 
fraction and into the cellulose ; the other non-c: |lulosic 
polysaccharides show a marked decline on]. after 
further increases in DPD which bring the tissye 
near the state of incipient plasmolysis. 

The absorption of salts results in increased :netab- 
olism and elongation for a given DPD, and except 
when high salt concentrations are used, dos not 
seem to have marked toxic effect. The salt «dsorp- 
tion results in both increased OP and TP. 

That an increase in internal OP might directly 
affect enzymes is indicated by Tyler (19), who showed 
that an increase in OP can decrease succinoxidase 
activity from animal tissue in a manner not explain- 
able on the basis of affecting mitochondrial membrane 
structure. Thus dehydration may affect enzymes 
either directly or indirectly. The increase in internal 
OP is not a depressing factor in the metabolism of 
non-cellulosic polysaccharides since C'* is incorpo- 
rated into these substances as readily when the in- 
ternal OP and TP are high, as when the OP is lower 
but TP is the same. The lower incorporation into 
cellulose in salt treated sections than in varying DPD 
treated sections of equal TP, in the 0.15 M to 9.35M 
DPD range, may be due either to OP differences or 
possibly, to specific salt effects. Specific salt effects 
appear to be partly ruled out from the similarity of 
results for different salts. 

This investigation indicates that turgor is the chief 
governing osmotic influence on both cell wall metab- 
olism and elongation. In tissue in which TP has 
increased from a low value to a high one (0.35 M 
to 0.4M TP) there is a tendency for the metabolism 
of the non-cellulosic polysaccharides to be accelerated 
compared with that in tissue maintained at the same 
high turgor. 

The problem of interaction of elongation and syn- 
thesis of cell wall material is an intricate one. Total 
cell wall synthesis is not a primary factor of the auxin 
mechanism, but does appear to increase when elonga- 
tion occurs at room temperature as shown by Bonner 
(2). According to the results presented here, both 
rate of elongation and a portion of the cellulose syn- 
thesis are affected by turgor in the same fashion. In 
view of this and the work (12) concerning the effect 
of galactose on both elongation and cellulose metab- 
olism, it is tempting to suggest that the elongation 
response to water stress may be due. in part, to an 
effect on cellulose. As indicated earlier (13) cellulose 
is not directly affected by auxin. At full turgor, in 
the absence of auxin, there would be slightly less cellu- 
lose synthesis than with auxin; synthesis which did 
occur would be expected to thicken the cell wall. In 
the presence of mannitol there would be consider- 
ably less cellulose synthesis and one would expect 
much less cell wall thickening than at full turgor with- 
out. auxin. Although Bayley and Setterfield (1) 
suggested, on the basis of microscopic evidence, that 
no thickening of cell walls occurs in non-elongating 
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Ayena <oleoptiles, in the presence of mannitol, the 
weight measurements of the cell walls indicate a trend 
for the more slowly elongating tissue to have more 
mass per unit length. Unfortunately, the micro- 
scopic evidence does not compare elongating with 
non-elongating tissue at either the same DPD or TP. 
Comparisons under the microscope of non-elongating 
tissue at different values of TP would also have been 
desirable. : 

Other processes which are inhibited by water 
stress are the non-auxin-induced methyl esterifica- 
tions of the hot water and hot HCI soluble constituents 
of Avena coleoptiles (14). In part, these presumably 
accompany the inhibition of polysaccharide synthesis. 

The overall effects on incorporation definitely in- 
dicate that a positive pressure of cytoplasm on the 
cell wall is required to maintain synthetic reactions, 
but it is difficult to visualize just why the degree of 
pressure should matter. A recent paper by Schaefer 
(16) indicates that in Elodea leaves and Lemna minor 
roots the adhesion between cytoplasm and cell wall 
begins to decrease in the hypotonic region. This 
may be the cause of the reduced incorporation as well 
as of reduced rate of elongation. Both the general 
and the differential effects on rates of incorporation 
into the various fractions found in this investigation 
may be due to effects on degree of contact and on 
strategic juxtaposition of the specific enzymes and 
substrates involved, some of the required substances 
being in the cytoplasm and others presumably in the 
wall itself. 

The conclusions reached here cannot be applied 
to other plants (or even possibly to later stages in 
the same plant) without further investigation. In 
fact, in a recent paper Nezgovorova (9) found that 
C40, is incorporated into the cell wall material of 
corn and Avena plants more rapidly in dry soil than 
in wet soil. Unpublished data from this laboratory, 
however, indicate that greenhouse-grown sunflower 
plants show less incorporation into cell walls of the 
leaves if the plants are exposed to soil moisture stress 
at the time of the incubation with glucose-C'*. Long- 
term experiments may give other results due to the 
effect of previous history on the responses examined 
here and on other factors which are of importance 
only in the long run. 

Direct comparison of tissue exposed to stress due 
to soil moisture tension and that exposed to equal 
stress due to mannitol solutions is not possible, since 
soil DPD bears a more indirect relation to the plant 
DPD than does mannitol solution DPD. Gingrich 
and Russell (7) showed that tension in the soil has 
greater depressing effect than corresponding OP of 
solution culture on corn seedling root growth and dry 
matter production. This is due presumably to the 
movement of H,O in unsaturated media being slower 
than in aqueous solutions. Thus the actual stress at 
Toot surfaces could be much greater than that meas- 
ured in the soil mass. 


SUMMARY 


A period of salt absorption by Avena coleoptile 
sections in solutions with high diffusion pressure defi- 
cits causes an increase in turgor and an increase in 
incorporation of C'* from glucose-C'* into all frac- 
tions of the cell wall in experiments of short duration. 
The increases in incorporation are similar to those 
obtained when turgor is increased by reducing dif- 
fusion pressure deficit. 

Very high salt concentration pretreatments restore 
incorporation rates less than do lower salt pretreat- 
ments. 

All the sugar components of the cell wall fractions 
become radioactive and appear to be affected by treat- 
ments in the same general way as the total activity of 
the fractions concerned. 

In sections in which turgor pressure has increased 
from a low value to one approaching full turgor (0.4 
M) there is a tendency for the metabolism of the acid 
and dilute alkali soluble wall constituents to be stim- 
ulated compared with that in sections maintained at 
constant full turgor. 

The rate of elongation and amount of incorpora- 
tion of C'* into cellulose show rather similar patterns 
of behavior with respect to effect of osmotic factors. 

It is suggested that turgor is the chief component 
of diffusion pressure deficit affecting elongation and 
incorporation into the cell wall and that some aspect 
of cellulose synthesis may be involved in the elonga- 
tion response to turgor in Avena coleoptiles. 
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AN ARTIFACT IN CHROMATOGRAPHY OF INDOLIC AUXINS **§ 
COLETTE NITSCH# anp J. P. NITSCH# 


DEPARTMENT OF FLORICULTURE ANI ORNAMENTAL HortTICULTURE, CoRNELL University, ITHaca, N. Y. 


During investigations on the chiomatographic 
separation of natural auxins an artifact Jvas discovered 
which could be a cause of many error}. In extracts 
of grapes, peaks of biological activit? appeared on 
paper chromatograms at the position} of 3-indolyl- 
acetonitrile (IAN) and the ethylester 0; 3-indoleacetic 
acid (IAE) (2,3). In new experimnts with Con- 
cord grapes (5) peaks of biologicalj activity were 
found again at the same Rf’s as IAN anf IAE. These 
regions were cut out, eluted from the fpaper, and the 
eluates re-chromatographed separatelyf Each of the 
two new chromatograms always show¢d at least two 
peaks of activity located at the IAN #:nd IAE posi- 
tions, which suggested an interconvirsion between 
the two active auxins. A similar or folub intercon- 











version was reported for the water-foluble growth 
substances extracted from tomato rdots (1). The 
apparent interconversion occurring¥ between the 


1 Received for publication September 28, 1959. 

2 Work supported by grant RG-4840 fibm the National 
Institutes of Health, Bethesda, Md., and py grant G-4046 
from the National Science Foundation, Washington, 5 Oe 

8 Research reported at the Annual [Meeting of the 
Northeastern Section of the American $ociety of Plant 
Physiologists held at Brookhaven Nation§l Laboratory in 
May 1957. 

4 Present address: Laboratoire du Ph¢totron, Gif-sur- 
Yvette (S.etO.), France. 
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auxins of the grape extracts, however, existed only 
when a control paper strip, spotted with synthetic 
IAN and IAE, was present together with the strip 
spotted with the extract in the same chromatographic 


tube. A thorough investigation of this situation was 
undertaken. 


METHODS 


Ascending chromatography in the dark was used 
throughout. Two-centimeter wide strips of What- 
man No. 3 MM paper were hung in large tubes ac- 
cording to a technique described previously (2, 3). 
One hundred ml of solvent was poured into each 65 
x 500 mm chromatographic tube. It has been shown 
(2,3) that hexane and other water-insoluble hydro- 
carbons can separate neutral auxins such as IAN and 
IAE, provided enough water impregnates the fibers of 
the paper. To increase the amount of water present in 
the solvent, a mixture of petroleum ether (bp 35- 
70° C), chloroform and water was used. It gave re- 
producible Rf’s which could be modified at will by 
changing the ratio of petroleum ether to chloroform, 
the water added being always 10% (v:v). Thus, 
when this ratio was 85:5, the Rf’s of IAN and IAE 
were 0.15 and 0.55, respectively, as compared with 
0.30 and 0.70 when the ratio was 80: 10, and 0.45 and 
0.85 when it was 75:15. Unless indicated otherwise 
all the paper strips were equilibrated overnight (about 
15 hrs) over the solvent (at 25° C) before actually 
running the chromatograms. 
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NITSCH AND NITSCH—CHROMATOGRAPHY ARTIFACT 


In order to determine the location of the auxins on 
the paper, the oat first-internode test was used (4). 
The paper strips were cut into 20 equal segments 
each of which was then incubated with 10 first-inter- 
node sections of Brighton oats in test tubes containing 
1 ml of pH 5.0 citrate-phosphate buffer (4). The 
tubes were rotated at 1 rpm at 25° C in the dark for 
2) to 24 hours. At the end of this period, the first- 
internode sections were measured to the nearest 0.1 
mm. The average elongation over the initial 4 mm 
length was plotted against Rf to give the histograms 
of figures 1 to 6. In these histograms any deviation 
from the controls (dotted lines) which is equal to 
or larger than 0.2 mm is statistically significant. 


RESULTS 


I. Errect oF ControL Strip IN CHROMATO- 
craPHic TuBEs: Two blank paper strips were hung 
in clean tubes over fresh solvent. One tube contained 
the blank strip alone, the other contained, in addition, 
acontrol strip which had been spotted with a mixture 
of 10 ug each of 3-indolylacetic acid (IAA), 3-indolyl- 
butyric acid (IBA), IAN, and IAE. After equili- 
bration and chromatography in the petroleum ether 
solvent, the blank paper strips were dried in an air 
current in the hood and cut into 20 1-cm pieces for 
bioassay. The bioassay showed at least three auxin 
peaks on the blank paper which had been chromato- 
graphed with the control strip. These peaks were lo- 
cated at the Rf’s where the synthetic auxins had moved 
on the control paper (fig 1, top). The highest auxin 
activity occurred at the IAN position. The blank 
paper which had been chromatographed without a 
control strip showed no biological activity (fig 1, 
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Fic. 1 (left). Histograms of two blank paper strips 
chromatographed in petroleum ether : chloroform: water 
(75:15:10) in the presence of a control strip spotted 
with synthetic auxins (top), or with no control strip 
(bottom). 

Fic. 2 (right). Histograms of two blank paper strips 
chromatographed in isopropanol: ammonia: water (80: 
10:10). (Top): control strip with synthetic auxins 
Present in the same tube. (Bottom): no control strip. 
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bottom). These results were obtained over and over 
again. With the petroleum-ether solvent or a hex- 
ane: water (90:10 v/v) solvent, peaks of biological 
activity always appeared at the IAN and IAE posi- 
tions when a control strip spotted with synthetic 
IAA, IAN, and IAE was chromatographed together 
with another strip. At the IAA position, however, 
biological activity was detected only rarely and re- 
mained very low. 

The transfer of biological activity from one paper 
to another occurred also with solvents such as iso- 
propanol: ammonia: water (80:10:10 v/v), but to 
a smaller degree. Thus, biological activity appeared 
on blank paper strips when they were chromato- 
graphed in the isopropanol solvent together with con- 
trol strips spotted with a mixture of IAA (2 zg), 
IBA (1 eg), IAN (10 eg), and IAE (5 ug). The 
biological activity appeared at the IAN and IAE 
position. No activity could be detected on blank strips 
when controls were absent (fig 2). The n-butanol: 
ammonia: water solvent used by Britton et al ¢1) in 
their studies of the interconversion of auxins X, Y, 
and Z gave also indications of a movement of bio- 
logical activity from one paper strip to another, but 
the amounts of auxins found on blank papers chro- 
matographed with control strips were very low. 

The experiments clearly indicate that each time 
a control strip spotted with synthetic indolic auxins 
was added to a tube containing a blank paper, some 
biological activity could be found on the blank chro- 
matogram. This effect was generally most pro- - 
nounced with IAN and with solvents containing hex- 
ane or petroleum ether. 


I]. Errect oF SOLVENT DurING EQuiLipraTION: 
A possibility that suggested itself was that some of 
the auxins spotted on the control strips were in fact 
distilling over to the solvent in the tube, and that this 
solvent was then carrying the auxins to the blank 
strip. In order to check this possibility, a blank strip 
(A) (fig 3, top left) was first equilibrated over a 
petroleum ether: chloroform: water (80:10:10) sol- 
vent together with a control strip (C,) spotted with 
IAA (2 4g) + IBA (1 4g) + IAN (8 eg) + IAE 
(44g). After about 15 hours the blank paper (which 
never touched the solvent) was taken out and rapidly 
transferred to another tube without a control strip. 
After 4 hours of re-equilibration in the second tube, 
the blank strip A was lowered into the solvent and 
chromatographed. Biological activity showed up on 
blank strip A, indicating that a transfer of auxins had 
taken place from the control strip C, to A during the 
first equilibration period and without the intermedi- 
ary of the liquid phase of the solvent contained in the 
first tube. 

To investigate this paper-to-paper transfer fur- 
ther, another experiment was set up in which a blank 
strip B was equilibrated with a control C, similar to 
C, in a tube without any solvent. After about 15 
hours, strip B was transferred to a new tube contain- 
ing the petroleum ether solvent, re-equilibrated for 
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Fic. 3. Transfer of synthetic auxins from one paper 
to another during equilibration with (tof) and without 
(bottom) a solvent in the equilibrating tube. C, and C,: 
control papers spotted with synthetic IAA, IBA, IAN, 
and IAE. A and B: blank papers first equilibrated with 
the controls for 15 hours, then moved to a different tube 
for chromatography in ether : chloroform: 
water (80:10:10). The histograms show the biological 
activity found on the blank papers after chromatography. 


petroleum 


4 hours, and chromatographed. This blank strip also 
was found to have clear-cut biological activity (fig 3, 
bottom ). 

From these two experiments one can conclude that 
transfer of biological activity from a control paper 
strip spotted with indolic auxins to a blank paper 
occurs through the air, without an intermediary sol- 
vent. It seems to be a sort of distillation or sublima- 
tion from the spot of the control strip to the blank 
strip. 

A point which remained a puzzle for a long time 
was the location of the biological activity on the blank 
strips: it occurred generally at the same Rf’s as on 
spotted chromatograms. This effect was found to 
result from our habit of hanging the two strips parallel 
to each other. Thus the indolic compounds could 
move horizontally across the 3 to 4 cm-wide vapor 
phase during the equilibration period and impregnate 
the blank paper at the same position as that of the 
spot on the spotted strip. An experiment in which 
the blank strip was equilibrated with its lower end 
lower than that of the spotted strip resulted in a cor- 
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respondingly higher Rf of the biological acti. :iy op 


this blank strip. 
III. Errect oF SHIELDING: If there i: hor- 
izontal transfer of auxin from one paper 


ip 
another, then placing a shield between the tw: hes 
should prevent it. This possibility® was tested in the 
following way: A 2-cm wide paper strip was -otted 
with 8 #g of IAN and hung in a chromatog:aphic 
tube over hexane: chloroform: H,O (75: 15:10) 


parallel with a blank strip. Between the two, 2 4-cm 
wide paper strip (Whatman 3 No. MM) was inter- 
posed. After equilibration for about 15 hours at room 
temperature, the blank strip and the shield were bio- 
assayed. The shield showed a definite growtl-pro- 
moting area corresponding to the IAN which had 
moved horizontally from the spotted chromatogram, 
On the contrary, the blank strip behind the screen, 
had not picked up any biological activity. These re- 
sults confirm the existence of a horizontal transf 
of substance through a vapor phase. The movin, 
auxin is picked up by the first surface it hits. Pro- 
tection from contamination by this process can be 
achieved by the use of a paper shield. 


IV. Errect or LENGTH oF 
PERIOD: 


EQUILIBRA 
Since the transfer of auxins from on 
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Fic. 4 (left). Effect of the duration of the equilibra- 
tion period. Histograms of two blank paper strips 
chromatographed in petroleum ether: chloroform: water 
(85:5:10) together with a control strip spotted with 
IAA, IBA, IAN, and IAE. Equilibration times over the 
solvent: 4 hours (top) and 15 hours (bottom). 

Fic. 5 (right). Effect of temperature. Histograms 
of two blank paper strips chromatographed in the pres- 
ence of control strips spotted with IAA, IBA, IAN, and 
IAE in petroleum ether: chloroform: water (75: 15: 10) 
at 25° C (top) and 10°C (bottom). 





5 Suggested by Dr. E. M. Shantz. 
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NITSCH AND 


yr to another occurs mainly during the equilibration 
yeriod, an experiment was performed to find if the 
uration of the equilibration period had any effect 
upon the amount of auxins transferred. Two blank 
paper strips were equilibrated over petroleum: ether : 
chloroform: water (85: 5:10) in two different tubes, 
each together with a control strip spotted with IAA 
(24g) + IBA (1 4g) + IAN (10 ag) + IAE 
(54g). The first strip was equilibrated for 4 hours, 
the second for 15 hours before chromatography. The 
results (fig 4) showed that transfer of IAN and [AE 
had occurred already after 4 hours of equilibration; 
the amounts of auxins transferred increased with time. 
A quantitative estimation indicated that there was 
ten times more IAN and IAE ttransferred after 15 
hours than after 4 hours. 


\V. Errect OF TEMPERATURE: If the process 
by which indolic auxins are transferred from one pa- 
‘ strip to another resembles a distillation, it must 
je affected by temperature. Two blank paper strips 
were chromatographed, each in a different tube and 
each with a control strip spotted with 10 #g each of 
\A, IBA, IAN, and IAE. The solvent was petrol- 
ether + chloroform + H.O (75:15:10). The 
ibration time was approximately 15 hours in 
cases, but one tube was maintained at 25° C and 
we other at 10°C. The results are shown in figure 
5. At 25° C, there was a clear-cut transfer of IAN 
and IAF, but not at 10°C. Similar results were ob- 
tained with isopropanol: ammonia: water (80:10: 
10). A fortiori, no transfer of IAN or IAE occur- 
red when equilibration and chromatography were per- 
formed at the even lower temperature of 1° C. 


VI. Errect oF Usep SoLtventT: Although it has 
been shown that most of the transfer of indolic auxins 
from one paper to another could occur in the absence 
of any solvent, one expects that if indole compounds 
can move from one paper to another, they can also 
distill from the paper to the solvent. To check this 
point, a blank strip was chromatographed in a petrol- 


NITSCH—-CHROMATOGRAPHY ARTIFACT 
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Fic. 6. Histograms of a blank paper strip chromato- 


graphed in petroleum ether: chloroform: water (80: 10: 
10) without a control but in a solvent which had been 
used once before to run three chromatograms spotted with 
IAA, IBA, IAN, and IAE. 
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eum ether-chloroform-water (80:10:10) mixture 
which had been used once previously to chromatograph 
three strips, each spotted with IAA (2 eg) + IBA 
(1 eg) + IAN (8 eg) + IAE (4 4g). There was 
no control strip in the tube during the chromatography 
of the blank strip. Biological activity was present 
on the blank strip (fig 6), whereas no such activity 
could be detected on similar blank chromatograms run 
in fresh solvent. 


CONCLUSIONS 


These experiments show that misleading results 
may be obtained by running control strips spotted 
with synthetic indolic auxins together with other 
chromatograms (the control strips may lose some of 
the auxins to other chromatograms in the same tube). 
Among the auxins tested, IAN seemed to transfer 
with the greatest ease; [AE was second easiest, and 
IAA generally did not appear to be transferred. It 
is expected that other indolic compounds such as in- 
dole itself, could be transferred with even greater 
ease. Re-using solvents in which chromatograms 
have been run before (which is commonly done in 
many laboratories) is also a source of these artifacts. 

In view of these results, we have re-examined 
some of our previously published data. The results 
of Nitsch and Nitsch (3) and Nitsch (2) in which 
plant extracts have been chromatographed in the 
presence of control strips spotted with IAA, IAN, 
and IAE have to be interpreted in the light of the 
present findings. Thus it is possible that the IAN - 
and IAE claimed to have been found in Tokay grapes 
may actually be artifacts since these auxins were not 
detected in Concord grapes (5) when no control 
strips were present. The IAN and IAE peaks found 
in chromatograms of tissue cultures of Parthenocissus 
tricuspidata (2, fig 22) are most likely to be artifacts 
also. The consideration of these peaks as artifacts 
would actually make our previous results more logical, 
in that the difference between normal, habituated, and 
crown-gall tissues would lie in differences in the 
amounts of auxins located at Rf’s 0.3 and 0.5 which 
are not artifacts. 

To be certain to obtain chromatograms free of 
artifacts of the kind reported here, one should: A. 
Use one chromatogram per tube with the control strip 
in a separate tube, and B. Use fresh solvent in a 
clean tube each time. However, low temperatures (1 
to 10° C), at which little transfer occurs, provide a 
means of running several chromatographic strips in 
the same tube, including a control with synthetic IAN 
and IAE, without the apparent transfer of compounds. 


SUMMARY 


Indolic auxins, especially 3-indolylacetonitrile and 
the ethyl ester of 3-indolylacetic acid, have been shown 
to move from one chromatographic paper strip to 
another. This transfer of active substances occurs 
during equilibration and is not dependent upon the 
presence of a solvent. 
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The transfer phenomenon is dependent upon 
temperature and the length of the equilibration period ; 
it is particularly marked with solvents containing 
hexane or petroleum ether. Use of the same solvent 
repeatedly for several chromatographic runs also 
produces artifacts and should be avoided. Methods 
of circumventing these difficulties are described. 
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PHYSIOLOGICAL STUDIES ON NODULE-NITRATE REDUCTASE? ? 
GEORGE CHENIAE ano HAROLD J. EVANS 3 


DEPARTMENT OF BOTANY AND BACTERIOLOGY, NortH CAROLINA AGRICULTURAL 
EXPERIMENT STATION, RALEIGH, N. C. 


A previous publication (9) reported the occur- 
rence and some of the properties of a reduced diphos- 
phopyridine nucleotide (DPNH) nitrate reductase 
associated with Rhizobium cells from nodules of 
several different legumes. Further studies on proper- 
ties of the nitrate reductase system from soybean 
nodules (7) have shown that succinate, leuco-methyl- 
ene blue, and reduced benzylviologen also will serve 
as electron donors. In addition, evidence has been 
obtained indicating that either menadione (2-methyl- 
1, 4-naphthoquionone), or a cofactor from Rhizobium 
cells, is necessary in this system for the transfer of 
electrons from DPNH to nitrate (5,6,7). When 
succinate is used as the electron donor, the cofactor 
is not required. 

Physiological experiments (5) have indicated that 
the nitrate reductase activities of Rhizobium cells 
from nodules of soybean plants inoculated with dif- 
ferent strains of Rhizobium japonicum are correlated 
positively with nitrogen-fixing efficiencies of the 
various strains. When soybean plants were inocu- 
lated with pure cultures of Rhizobia and grown asep- 
tically in the absence of a source of combined nitrogen, 


1 Received October 20, 1959. 

* Published with the approval of the Director of the 
North Carolina Agricultural Experiment Station as Paper 
No. 1083. 

8 This investigation was supported in part by a Grant 
(No. G 2653) to Harold J. Evans from the National 
Science Foundation. 





they produced nodules with high nitrate reductase 
activity. As yet, the possible relationship, if any, 
of nodule-nitrate reductase to the process of nitrogen- 
fixation remains obscure. The possibility has been 
considered (5,7) that the nodule-nitrate reductase 
is non-specific for oxidant, and that nitrate is not 
the natural substrate for the enzyme. 

This manuscript describes some results of addi- 
tional physiological experiments in which the effects 
of various factors on the specific activity of the suc- 
cinate-nitrate reductase in nodules have been studied. 
In general, experiments have been designed to deter- 
mine whether those factors reported to influence the 
fixation of nitrogen also influence the activity of 
the nodule enzyme. 


MATERIALS AND METHODS 


CuLturE Metuops: Sand-culture was used in 
growing the leguminous plants for the experiments 
reported in tables I, II, III, and IV, and water cul- 
ture for experiments 5 and 6 where deficiencies of 
soybean plants were investigated. Soybean seeds 
(Glycine max (L.) Merr. var. Lee) or seeds of other 
legumes indicated in table I were inoculated with com- 
mercial nitrogen-fixing inoculum and sown in flats 
of sand for producing seedlings for experiments 1, 2, 
3,4, and 5. Flats were supplied daily with half 
strength nitrogen-free nutrient solution (14). After 
5 to 8 days, the seedlings were transferred to the cul- 
ture vessels used in the various experiments. Soy- 
bean seedlings used for Mo deficiency experiments 
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TABLE [| 


\irrRATE REDUCTASE ACTIVITY OF BACTERIAL CELLS FROM 
NopuLEs OF LEGUMINOUS PLANTS 








ENZYME ACTIVITY* 








_ WitHout WitTH 
Corea SUCCINATE SUCCINATE 
Peanut : 
(Arachis hypogaea) SP TF a 2 
Cowpea. E : 
(Vigna sinensis) 76 +6 130 +7 
Velvetbean of 
(Stizolobium deeringianum) SB=S B 6 
Crotolaria ; 
(Crotolaria mucronata) Os 3 2 24 
Lespedeza . 
(Lespedesa stipulacea) 14+6 602+5 
Soybean — 
(Glycine max) 36 + 4 242 + 20 








* Activity is reported as millimicromoles NO formed 
in 10 minutes per mg protein. The values are means 
of three replications with standard deviations. For other 
experimental details see Materials and Methods. 


were grown in sand which had been washed with 
hydrochloric and oxalic acids and then with sufficient 
demineralized water to remove the acid. Seedlings 
for this experiment were supplied with a half strength 
solution lacking molybdenum and nitrogen. 


EXPERIMENT 1 (table I): Four to six plants of 
each species were grown in 3 gallon clay pots filled 
with quartz sand which previously had been washed 
with water. The nutrient solution was identical in 
composition with that used by Anderson and Evans 
(1) except that CaCl, was substituted for Ca(NO,). 
at an equivalent concentration. Throughout the 
growth period, plants in each culture vessel were 
supplied with 1 liter of nutrient solution for each of 
2 successive days and then with 1 liter of water every 
3rd day. Excess water or nutrient solution escaped 
through a drain. 
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The experiment was designed as a randomized 
block with three replications and was carried out in 
the greenhouse during the summer. The plants were 
harvested 8 to 10 weeks after planting. 


EXPERIMENT 2 (table II): Soybean plants were 
grown in 3 gallon clay or polyethylene pots which 
were filled with a mixture of two parts of water- 
washed sand and one part crushed oyster shells 
(particles 5-10 mm diameter). Nodules were pro- 
duced more abundantly in this medium than in sand 
alone. The nutrient solution was identical with 
nitrogen-free solution of Hoagland and Arnon (14) 
with the exception that iron was supplied in the form 
of hydrogen ferric ethylenediamine di(o-hydroxy- 
phenyl acetate) (Geigy Chemical Co.). Nutrient 
solution was supplied as indicated in experiment 1. 

Experiment 2 was arranged in a randomized block 
in the greenhouse. Four plants were grown in each 
culture vessel and each treatment was replicated three 
times. Plants were grown during the summer months 
and harvested after the periods indicated (table IT). 


EXPERIMENT 3 (table III): The culture tech- 
nique was essentially identical with that of experi- 
ment 2. Velvet bean plants (Stizolobium deering- 
lanum) were grown in the greenhouse during Novem- 
ber, December, January, and February. Each treat- 
ment was replicated three times, and plants were 
harvested after the growth periods indicated in table 
III. To prevent premature flowering, plants were 
exposed daily to three 100-watt fluorescent lights be- 
tween 5 and 7 AM and 5 and 11 PM. 


EXPERIMENT 4 (table IV): In this experiment 
cultures without combined nitrogen were grown by 
the same general technique of experiment 2 except 
that five instead of four plants were grown in each 
pot. Certain culture treatments, indicated in table 
IV, included (in addition to the nitrogen-free solu- 
tion) either Ca(NO,). or (NH,).SO, at concen- 
trations sufficient to supply 47 or 104 ppm N. The 


TABLE II 


EFrect oF AGE OF SOYBEAN PLANTS ON NITRATE REDUCTASE ACTIVITY AND HEMOGLOBIN 
CoNTENT oF NopuLES AND Dry WEIGHT AND ToTtaAL N Content oF Tops* 











NITRATE REDUCTASE 





AGE OF ACTIVITY HEMOGLOBIN Dry WT OF TOPS TotaL N OF TOPS 
we (mumotes NO, /10 mix/ma SONS (ons samen (G) (%) 
(wks) PROTEIN) ** NODULE) 

3 Soe @ 38 + 14 08 + 01 3.30 + 0.14 

6 86 + 32 146+ 5 50 = 63 3.45 + 0.14 

9 242 + 20 163 == Ss Ww = 32 3.95 + 0.07 

11 129 + 12 124 + 18 ao0 2 33 3.66 + 0.06 

12 136 + 8 2 = ¥ 32 = 01 3.60 + 0.14 > 





_ * Plants were harvested after 
tions of three replications. 


** Nitrate reductase activities 
basis. 


the growth periods indicated. 


All values reported are means with standard devia- 


were determined during a 30-minute incubation period and calculated on a 10-minute 
For other details of the experiment see Materials and Methods. 
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TABLE III 


Errect oF AGE OF VELVET BEAN PLANTS ON NITRATE REDUCTASE ACTIVITY AND HEMOGLOBIN 
CoNTENT OF NODULES AND Dry WEIGHT oF Tops* 














AGE OF PLANTS Dry wt HEMOGLOBIN CONTENT NITRATE gptetiicia egg ” vaEy 
(pays) (G) (HG/G FRESH NODULE) ne Wg ie eta 
MIN/MG PROTEIN 

23 27 = O4 0.0 + 0.0 0.0 + 0.0 

36 48° 42 109 + 34 Wi = 2 

43 63 s £6 1) <= 27 Pics «6 

64 Haz 2 18 e+ 13 138 + 39 

107 73.4 + 0.0 + 0.0 ee 








* Values reported are means with standard deviations of three replications. For other details of the experiment 
see Materials and Methods. 


experimental treatments (applied to four replicate mine di(o-hydroxypheny! acetate), was varied as indi- 
cultures) were initiated 2 weeks after the seeds were cated in table V._ Solutions were aerated and changed 
planted. Plants were harvested after the growth at intervals of approximately ten days. Experiments 
periods indicated in table [V. The experiment was were arranged in randomized block designs, and each 
conducted during June, July, and August. treatment in each experiment was applied to four 
replicate cultures. Plants from experiments 5A and 
5B were harvested 41 days and 33 days, respectively, 
after seeds were planted. These experiments were 
conducted in the greenhouse during the summer. 


EXPERIMENTS 5A AND 5B (table V): In these 
experiments the influence of iron level on the growth 
and content of certain constituents in soybean plants 
was investigated. Five inoculated soybean seedlings 
(with cotyledons removed) were placed in 3 gallon EXPERIMENT 6 (table VI): In the experiment in 
polyethylene containers filled with the nitrogen-free © which molybdenum deficient treatments were included, 
nutrient solution used in experiment 2. The iron — specially cleaned culture equipment and purified nu- 
level, in the form of hydrogen ferric ethylenedia- trient salts were utilized. Three-gallon polyethylene 


TABLE IV 


Errect oF ApDING COMBINED NITROGEN TO [INOCULATED SOYBEAN PLANTS ON NITRATE REDUCTASE 
AcTIVITy AND HEMOGLOBIN CONTENT OF NopULES AND Dry WEIGHT oF Tops* 








NITROGEN ADDED 











—__—_—_—__—___—————— GROWTH PERIOD NITRATE REDUCTASE ACTIVITY _ HEMOGLOBIN Dry wt 
— (Days) (mumotes NOZ/10 MIN/MG PROTEIN) (HG/G FRESH NODULE) (G/CULTURE) 
0 46 179 222 9.8 
47 Ca(NO,), 46 116 184 11.3 

104 Ca(NO,), 46 139 141 14.1 
47 (NH,).SO, 46 99 163 12.1 

104 (NH,).S0, 46 117 182 15.0 
0 79 135 142 32.2 
47 Ca(NO,). 79 107 132 43.9 

104 Ca(NO,), 79 61 134 52.8 
47 (NH,),SO, 79 119 116 46.4 

104 (NH,).,SO, 79 107 129 55.8 





* Values reported are means of determinations from four replicate cultures of each treatment. A statistical 
treatment of the data for nitrate reductase activities and hemoglobin contents revealed the following probabilities 
of significance for the comparisons indicated: (a) 0.0 N vs. all NOFZ levels at 46 days; NO; reductase 0.05, 
hemoglobin 0.05 (b) 0.0 N vs. all NOZ treatments at 79 days; NO; reductase 0.01, hemoglobin N.S. (c) 0.0 N 
vs. all NH} treatments at 46 days; nitrate reductase 0.01, hemoglobin N.S. (d) 0.0 N vs. all NH? treatments at 79 
days, NO; reductase N.S., hemoglobin N.S. In comparing the effect of 47 ppm NO;-N vs. 104 ppm NO;-N at 
79 days the difference in nitrate reductase activity was significant at the 0.01 level. Other differences in nitrate reduc- 
tase or hemoglobin obtained from comparing the 47 ppm NO;-N and 47 ppm NH{-N with the 104 ppm NO;-N 
and 104 ppm NH}-N treatments, respectively, were not significant. 
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TABLE V 


EFFECT OF IRON LEVELS ON CHLOROPHYLL CONTENT AND Dry WEIGHT OF SOYBEAN PLANTS, AND 








HEMOGLOBIN CONTENT AND NITRATE REDUCTASE ACTIVITY OF SOYBEAN NopuULES* 
Sitar 
CHLOROPHYLL ° 
LEVEL OF IRON cotta oe Dry wT nn a NITRATE REDUCTASE 
(ppm) FRESH LEAVES a (uG/G FRESH NoputEs) “CTIVITY (memoLtes NOZ/10 MIN/MG 


(G/CULTURE) 


PROTEIN ) 





(MG/G) 
Experiment 5A : 
0.005 0.4 + 0.2 of = 62 45°23 6. 7 
0.015 05 += G1 3.0 + 0.5 41 + 6 i. = 7 
1.00 IJ ze @2 e223 £5 116 + 6 70 + 6 
Experiment 5B 
0.005 0.3 + 0.1 1.4 + 0.1 a0 = 10 4 
0.10 0.8 + 0.2 3.9 + 0.3 156: = 17 114. a= 27 
1.00 Zi = G4 6.8 + 0.7 2247 =: 18 220 + 64 





* All results of determinations reported are means with standard deviations of four replications. 


of the experiments see Materials and Methods. 


culture vessels, polyethylene carboys for storage of 
water and nutrient solutions, and all other equipment 
used for growth of the plants were washed first with 
detergent and hot water, then with 4N HCl, and 
finally rinsed with sufficient demineralized water until 
the rinse water attained a pH value of 5.2 or greater. 
Demineralized water was prepared by permitting dis- 
tilled water to flow slowly through a column (35 cm 
by 8 cm) of anion and cation resins prepared by mix- 
ing two parts of hydroxyl saturated IRA400 with one 
part of hydrogen saturated IR120 (Rohm and Haas 
Company ). 

Stock solutions of the macro-elements for the ni- 
trogen-free nutrient solution of Hoagland and Arnon 
(14) were purified for removing Mo by the CuS 
co-precipitation method (13, 19). CaSO, and 
Ca(H.PO,). used in the nutrient solutions were pre- 
pared by mixing equivalent amounts of the purified 


For other details 


solutions of K,SO, and CaCl., and CaCl, and 
KH.PO,, respectively. The resulting precipitates 
were collected on Biichner funnels and then dried at 
90° C to constant weight. Micro-nutrient elements 
were purified by recrystallization from demineralized 
water. Iron was supplied as the ferric chelate of 
ethylenediamine tetraacetate. Purified stock solutions 
of the necessary mineral salts were diluted to the de- 
sired concentration with the demineralized water, 
and the pH was adjusted to 6.5 with NaOH. 

Four soybean seedlings, with cotyledons removed, ' 
were transferred to each of the polyethylene culture 
vessels filled with nutrient solution. All culture ves- 
sels were covered with polyethylene tops, each fitted 
with holes through which the seedlings were inserted 
into the nutrient solutions. Cultures were aerated 
with an air stream which was passed through water 
to remove solid impurities. 


TABLE VI 


Errect OF MoLyspENUM LEVELS IN CULTURE SOLUTIONS ON NITROGEN CoNTENT AND Dry WEIGHT OF SOYBEAN Tops 

















AND NITRATE RepuctAsE ACTIVITY AND HEMOGLOBIN CONTENT OF NODULES* 
Ray oat see : HEMOGLOBIN NITRATE REDUCTASE ACTIVITY 
LEVEL oF Mo Dry WT OF TOPS . N IN TOPS (nG/G FRESH (mumores NOs/10 MIN/MG 
(PPM) (¢) (% DRY WT) NODULES ) PROTEIN ) 

0.00 "e 13.1 ac ras pete a 105 

0.005 14.9 2.78 160 250 

0.050 14.8 2.93 141 180 

LSD** (0.05) N.S. 0.20 36 58 

(0.01) 0.29 51 82 





* Values reported are means of six replications. 


All determinations in this table were carried out on plant material 


After a period of 57 days of growth, samples of nodules 





collected at the end of the experiment (72 days growth). 
were collected and assayed for nitrate reductase activity and the mean values in the same units used in this table 
were 208, 219, and 290 for the 0.0, 0.005 and 0.050 ppm molybdenum treatments, respectively. The LSD (0.05) for 
these determinations was 36. Differences in the hemoglobin content of nodules collected after 57 days were not 
significant. See Materials and Methods for other details of the experiment. 


** Least significant difference. 
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The basic nutrient solution utilized was the nitro- 
gen-free solution of Hoagland and Arnon (14) which 
was prepared from the purified salts. Concentrations 
of molybdenum in the solutions used for the various 
culture series are indicated in table VI. The nutrient 
solution in each container was changed at intervals 
of approximately ten days. 

The experiment was arranged in a randomized 
block in the greenhouse; each treatment was applied 
to six replicate cultures. Because the experiment 
was conducted during November, December, and 
January, supplemental light was supplied as indicated 
in experiment 3. Plants were harvested after 72 
days of growth: however, the tops of all plants were 
removed at a height of 6 inches above the vessel top 
after growth periods of 30 and 57 days, respectively, 
after planting. This procedure was necessary in 
order to accentuate deficiency symptoms. 


ENZYME Assays AND OTHER DETERMINATIONS: 
For assays of nitrate reductase activity, nodules were 
removed from roots and placed immediately in cold 
distilled water. All preparatory operations were 
carried out at 0 to 4° C. Immediately after the nod- 
ules were harvested they were washed repeatedly in 
cold distilled water, blotted dry, and macerated with 
a mortar and pestle in 0.005 M K-phosphate buffer at 
pH 7.5 (4 ml per g of nodules). The resulting slur- 
ries were squeezed by hand through four layers of 
cheesecloth and then the liquid portions were centri- 
fuged at 30,000 « G for 5 minutes, Sediments con- 
taining the bacterial cells were resuspended, with the 
aid of a Ten Broeck homogenizer, in a volume of 
0.1 M K-phosphate buffer, pH 7.5, equal to the volume 


of buffer used for macerating the nodules. These 
suspensions were used for the nitrate reductase 
assays. 


The complete assay mixture for nitrate reductase 
consisted of the following, expressed as micromoles: 
10, K-phosphate buffer at pH 7.5; 10. NaNO,: 10, 
Na succinate at pH 7.5; and sufficient water to adjust 
the final volume to 0.5 ml. The assay was initiated 
by adding 0.1 or 0.2 ml of the bacterial suspension. 
The procedure for nitrate reductase assays was that 
described by Evans and Nason (10), moflified as by 
Evans (9). All assays were carried outf aerobically 
at 30° C for 10 minutes unless otherwise stated. The 
red diazo-dye concentration was determined spectro- 
photometrically at 540 me after centrifuging (3500 
x G for 20 min) the suspensions in polyethylene tubes 
(nitrocellulose tubes gave high blank readings). As- 
say mixtures containing nitrite instead of nitrate 
showed that nitrite was not reduced in the assay mix- 
tures. 

The supernatants obtained after centrifugation of 
the macerated nodules were used for determining the 
hemoglobin. The pigment was estimated by the py- 
ridine-hemochromogen method, following a procedure 
which is essentially the same as that described by 
Keilen and Hartree (15). Standard pyridine hemo- 
chromogen solutions were prepared from recrystall- 
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ized hemin ( Nutritional Biochemicals Co.).  < 


‘ctro- 
photometric determinations were made with » Beck. 
man spectrophotometer (Model DU). Dete ‘nina. 
tions of the hemoglobin contents of nodule from 
velvet bean plants (table III) were complic: ed by 
a black pigment which is present in the nodi:es of 


this species. Because samples of nodules co ‘ected 
after growth periods of 23 or 107 days in ti 


S @xX- 
periment (table III) contained no detectable hemo- 
globin, the mean optical densities obtained fro: ex- 
tracts of these nodules were used to correct dete:iina- 
tions on other samples in this experiment. | {emo- 


globin determinations in this experiment, the: efore, 
are approximations. 

Dry weights were determined after the plant ma- 
terial was dried in a forced draft oven for 24 hours 
at 80°C. Total N content of the plant tissue was 
determined by the Kjeldahl method with selenium as 
catalyst. Protein content of the bacterial suspensions 
was estimated by determining total N and multiply- 
ing by the factor 6.25. Chlorophyll was determined 
on 1 g samples of leaf tissue by the procedure de- 
scribed by Arnon (2). 


RESULTS 


DISTRIBUTION OF ENzyME: Nodules from several 
leguminous species were tested for nitrate reductase 
activity with succinate as the electron donor (table I). 
From these data it is apparent that succinate-nitrate 
reductase activity is greatest in nodules from soybean 
plants, and this observation is in agreement with the 
results reported by Evans (9) who used DPNH as 
electron donor. Activities reported in table I may 
not be maximal for a given legume, because, as shown 
subsequently, activity of this enzyme varies with the 
plant age. It is interesting that nitrate reductase 
activity varied considerably within one cross-inocula- 
tion group. Peanut, cowpea, velvet bean, crotalaria, 
and lespedeza plants are considered (8) to be in the 
same inoculation group; however, as indicated by 
the data, the nitrate reductase activity of the Rhizobi- 
um cells from nodules of these different species varied 
widely. The enzyme has been identified not only in 
nodules of the species reported in table I but also has 
been detected qualitatively in extracts of nodules of 
Sesbania exhaltata and Indigofera hirsuta. No 
activity was observed in Alnus nodules. 


Errect oF LeGuME AGE: The effect of age of 
soybean plants on nodule nitrate reductase activity is 
shown in table II. Hemoglobin contents of the nod- 
ules as well as the dry weights and total N contents 
of tops also are given, because Virtanen et al (20, 21) 
have demonstrated a close correlation between hemo- 
globin content of nodules and the quantity of N, fixed 
by the symbiotic system. The results reported in 
table II appear to confirm the observations of Virtanen 
et al (20,21) that the rate of increase in N, fixation 
parallels the rate of increase of hemoglobin content of 
nodules. A similar relationship appears to exist be- 
tween the nitrate reductase activities of Rhizobium 
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cells from nodules, and either the hemoglobin contents 
of nodules or the increases in nitrogen fixed by the 
plants. 

The dry weights of velvet bean (Stizolobium 
deeringianum) plants and the hemoglobin contents 
and nitrate reductase activities of nodules from this 
species also were determined throughout the growth 
period (table III). Neither hemoglobin nor nitrate 
reductase activity of nodules could be detected when 
the first samples were collected after 23 days of 
growth. As indicated by analysis of nodules at 36, 
43, and 64 day sampling periods, both the enzyme 
activities and hemoglobin contents of nodules increased 
sharply and maintained somewhat of a plateau during 
this period. Atter 10 days of growth, however, both 
components exhibited a sharp decline. Marked in- 
creases in dry weights are shown between the 64 and 
107 day sampling periods indicating that maximum 
growth had not been obtained during the experiment. 


EFFECT OF COMBINED NITROGEN IN CULTURES: 
It is known generally that the addition of fixed N to 
either the asymbiotic or symbiotic nitrogen-fixing 
systems markedly reduces the rate of nitrogen fixa- 
tion. Since it has been reported that nitrate reduc- 
tase activity is correlated, in some unknown manner, 
with the nitrogen-fixing efficiency of strains of R. 
japonicum (5), studies were conducted to determine 
the effect of combined nitrogen on the activity of ni- 
trate reductase. In table IV, the results of an ex- 
periment are recorded in which the effect of different 
levels of combined nitrogen on nitrate reductase ac- 
tivity, hemoglobin content of soybean nodules, and 
the dry weight of soybean tops has been investigated. 
Differences in the mean values of certain determina- 
tions in this experiment were statistically significant 
at a probability level of 0.05 or greater, and, as indi- 
cated in the footnote to table IV, differences in other 
comparisons were not significant. From the results 
shown in table IV, it appears that addition of nitrate 
to the growth medium, in comparison with nitrogen 
gas as the sole nitrogen source, significantly decreased 
the activity of the nodule nitrate reductase. Although 
there was not a significant difference between the low 
nitrate and high nitrate treatment at the 46 day sam- 
pling, there was a significant difference between these 
treatments at the 79 day sampling. The nitrate 
treatments, when compared with those lacking a source 
of combined nitrogen, also decreased the hemoglobin 
content of the nodules, but this difference was mani- 
fested only at the 46 day sampling date. At the 79 
day sampling date, considerable numbers of nodules 
from plants receiving the various treatments had be- 
come senescent and showed evidence of breakdown of 
the hemoglobin pigment. This complication un- 
doubtedly increased the variability among samples 
from replicate cultures. 

A comparison of mean nitrate reductase activity 
of nodules from plants receiving all ammonium N 
treatments with that of nodules from plants receiving 
treatments lacking a source of combined N showed 
that the addition of ammonium N resulted in a sig- 
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nificant reduction in activity at the 46 day sampling 
date. A _ significant difference, however, was not 
exhibited at the 79 day sampling date. The difference 
between the hemoglobin content of the nodules from 
cultures supplied with ammonium N and that of nod- 
ules grown without a source of combined nitrogen 
was not statistically significant at either sampling 
date. 

Another experiment, (data not presented in tabu- 
lar form) with the same objectives as that reported 
in table IV, was carried out for 70 days. One series 
of cultures was supplied with atmospheric nitrogen 
only. A second and third series received 47 and 94 
ppm N, respectively, in the form of Ca(NO,)., and 
a fourth and fifth series received 47 and 94 ppm N, 
respectively, in the form of (NH,).SO,. Single 
samples of nodules were collected from plants from 
each series after 28 days of growth. Duplicate cul- 
tures receiving each treatment were sampled at 46, 
59, and 70 days after planting. Samples of nodules 
were assayed for nitrate reductase; the nodules ex- 
hibited a trend similar to that indicated by the data 
in table II. Enzyme activities on a protein basis 
were relatively low in all treatments at the first sam- 
pling date, reached a maximum at the 46 day sam- 
pling date, then declined at the 59 and 70 day sampling 
dates. The most striking effect of nitrogen treatment 
was exhibited after 46 days of growth. The mean 
specific activities of nodules from the treatments re- 
ceiving 47 and 94 ppm N in the form of Ca(NO,). 
were 194 and 178, respectively, and the mean specific 
activities of nodules from plants receiving 47 and 94 . 
ppm N in the form of (NH,).SO, were 175 and 162, 
respectively. In comparison, the mean specific ac- 
tivity of the nodules from plants grown without a 
combined source of nitrogen was 233. At the 59 day 
sampling period, nodules from plants grown with N, 
exhibited greater enzyme activity than those from 
cultures receiving combined N. These results, there- 
fore, generally confirm those reported in table IV. 
which indicate that adding combined nitrogen results 
in a decrease in activity of nodule-nitrate reductase. 
The effect is most pronounced at that period during 
plant growth when the greatest enzyme activity is 
exhibited. 


EFFEctTs OF LEVELS OF IRON AND MOLYBDENUM IN 
NUTRIENT SOLUTIONS: Iron or molybdenum have 
been implicated or demonstrated to be involved in 
electron transport from substrate to nitrate in all 
nitrate reductases reported to date (18). Kinetic 
studies on the inhibition of nodule nitrate reductase 
by cyanide have suggested that two or more cyanide 
sensitive sites are required for electron transport from 
either DPNH or succinate to nitrate (7). The effect 
of deficiencies of both Fe and Mo on nodulated soy- 
bean plants was studied, therefore, in an effort to 
determine whether or not levels of these elements in 
culture solutions would appreciably influence activity 
of the nodule enzyme. Results are presented in table 


V of two separate experiments in which the effect of 
different levels of Fe in culture solutions was studied 
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on chlorophyll contents of leaves, dry weights of 
plants, and the hemoglobin contents and nitrate reduc- 
tase activities of nodules. The 0.005 or 0.015 ppm 
Fe levels in experiment 5A and the 0.605 and 0.10 
ppm level in experiment 5B, when compared with the 
1.0 ppm level in each of the experiments, resulted in 
a striking and consistent decrease in chlorophyll con- 
tent of leaves, dry weight of plants, and hemoglobin 
content and nitrate reductase activity of nodules. 

The influence of different levels of molybdenum in 
culture solutions on growth and nitrogen content of 
soybean tops and hemoglobin content and nitrate re- 
ductase activity of nodules is shown by the data in 
table VI. It was difficult in this experiment to ob- 
tain pronounced molybdenum deficiency symptoms. 
It was necessary to remove the upper vegetative por- 
tions of plants at two different dates during the 
growth period (see Materials and Methods). 

Differences in the dry weight of plant tops were 
not influenced significantly by the culture treatment; 
however, as indicated by the data (table VI), the 
nitrogen content of plants grown with nutrient solu- 
tions lacking added molybdenum was clearly less than 
that of plants grown with solutions containing molyb- 
denum. This difference and the chlorotic appearance 
of leaves of plants from cultures lacking molybdenum 
provided evidence of molybdenum deficiency. Both 
the hemoglobin content and nitrate reductase activity 
of nodules were strikingly reduced in the deficient 
cultures and reached a maximum in the cultures re- 
ceiving the intermediate molybdenum treatment (0.005 
ppm). When plants were harvested (after 72 days 
of growth), the hemoglobin content and nitrate re- 
ductase activity of nodules from cultures receiving 
the highest level of molybdenum were less than that in 
nodules from cultures receiving the intermediate level. 
As indicated in the footnote to table VI, samples of 
nodules also were collected from all cultures after 
57 days of growth. The mean specific activities of 
the nodule nitrate reductase were 208, 219, and 290 
for the 0.0, 0.005, and 0.05 ppm molybdenum treat- 
ments, respectively. In view of these values and the 
trend in activities of the nodule nitrate reductase dur- 
ing the growth season (table II), it seems quite 
probable that the decline in enzyme activity of nodules 
from the highest molybdenum treatment (table VI) 
may have been caused by a differential effect of treat- 
ment on the maturity of plants. 

In another experiment (to be reported elsewhere ) 
the addition of molybdenum to deficient soils used as 
a culture medium for soybeans resulted in a statistical- 
ly significant increase in the nitrate reductase activity 
of nodules. 


DISCUSSION 


Experimental results reported in this manuscript 
provide evidence that the activity of the nitrate reduc- 
tase in the nodules of soybean and velvet bean plants 
goes through a phasic change during the growth 
period. The specific activity of the enzyme in soy- 
bean nodules is relatively low during the early part 
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of the growth season, reaches a maximum 


luring 
the ninth week of growth, and then declines table 
IT). Inthe experiment with velvet bean plant: (table 


III), maximum activity was observed duri.¢ the 
fifth and sixth weeks of growth; relatively |. 
tivities were exhibited during the early parts an! near 
the end of the growth period. The phasic change of 
nitrate reductase activity with increasing nodule age 
is similar to changes in respiratory activity of bacilli 
from nodules (3) except that a decrease of nitrate 
reductase activity is observed when the noduies ap- 
proach senescence. This decrease in nitrate reduc. 
tase activity is in contrast to an increase of respira- 
tory activity of the nodule bacilli as the nodules be- 
come senescent (3). Although there was consider- 
able variability among determinations of both hemo- 
globin contents and nitrate reductase activities of 
nodules from these species, it seems apparent that 
the trends of both these determinations were somewhat 
parallel. Virtanen et al (20) have discussed the 
phasic transfer of nitrogen from nodules to the host 
plant and have pointed out that the hemoglobin con- 
tent of nodules parallels the increase in nitrogen con- 
tent of leguminous plants during growth. It was 
postulated, therefore, that hemoglobin is involved in 
the nitrogen fixing process. The experiments of 
Hamilton et al (12) and Bergerson and Wilson (4), 
which indicate that hemoglobin is involved in electron 
transport in the symbiotic nitrogen fixing system, sup- 
port Virtanen’s postulation. 

In view of the apparent correlation of nitrate re- 
ductase activities and hemoglobin contents of nodules 
during growth periods, and the fact that the nitrogen 
fixing efficiencies of different Rhizobium japonicum 
strains are correlated positively with nitrate reductase 
activities of nodules (5) it seems logical to postulate 
that the nodule nitrate reductase system is related in 
some manner to the nitrogen fixation process. It is 
possible that the decrease in nodule nitrate reductase 
activity near the end of the growth period of legumes 
is caused by a decreased permeability of the bacterial 
cells to nitrate. In this regard, evidence has been 
presented (11) indicating that cells of E. coli become 
increasingly impermeable to nitrate as they become 
older. If permeability were a factor responsible for 
the decline of nitrate reductase activity of nodule 
Rhizobia during the growth periods, then one would 
expect that the permeability barrier could be over- 
come by preparation of cell-free extracts. No evi- 
dence to date would support the contention that 
changes in cell permeability are responsible for the 
observed trends of nodule nitrate reductase activity 
during growth; however, the possibility of permeabil- 
ity being a factor has not been ruled out. 

It was shown that the application of nitrate, and 
in some cases, ammonium nitrogen to soybean plants 
decreased the activity of nitrate reductase, but it is 
not known if this observation is related to the general 
observation that fixed nitrogen suppresses nitrogen- 
fixation. The decrease in enzyme activity caused by 
applications of nitrate, possibly may be explained by 
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an accumulation of toxic levels of nitrite from the 
nitrate reductase reaction. Some nitrate reductases 
(17), however, have been reported to be adaptive to 
nitrate and, therefore, inhibition of activity by the 
levels added to nutrient solutions was not expected. 
No analogous explanation can be offered for the ob- 
served decrease in nitrate reductase activity resulting 
from the application of ammonium nitrogen. One 
may postulate that the nitrate reductase is related 
in some manner to the nitrogen fixing process. and 
that the nitrate reductase reaction is not utilized 
when fixed nitrogen is available. It was reported 
by Wainwright and Nevill (22) that (NH,).SO, 
exerted an inhibitory effect on formation of nitrate 
reductase in E. colli. 

It is clear that both Fe and Mo deficiencies have 
a pronounced influence on the activity of nodule nitrate 
reductase when assayed with succinate as the electron 
donor. Whether or not both these metals are in- 
tegral parts of the electron transport mechanism for 
nitrate reduction in R. japonicum is not known. It 
is of interest, however, that an Fe requirement has 
been shown for certain Rhizobium species when grown 
in pure culture on a medium (16) containing nitrate. 
Preliminary experiments in this laboratory with a 
pure culture of R. japonicum have shown that Mo 
not only is necessary for growth on a nitrate medium, 
but also is required for maximum nitrate reductase 
activity. Whether or not the nitrate reductase of 
nodules is the same enzyme as that present in pure 
cultures of Rhizobium is not known. The evidence, 
with DPNH as the electron donor, indicates that the 
specific activity of the enzyme in Rhizobia from nod- 
ules of plants grown without combined nitrogen is at 
least 8- to 10-fold greater than that of pure cultures 
of Rhizobium grown in media containing nitrate. 

One might consider that nodule nitrate reductase 
plays its physiological role in the metabolism of traces 
of nitrate that seem to be inevitably present in all 
types of culture media. This view is difficult to 
accept for the following reasons. A. The specific 
activity of the nodule enzyme is greatest when 
legumes are grown in the absence of combined nitro- 
gen, and the addition of nitrate or ammonium nitrogen 
to cultures results in reduced activity. This is in 
contrast to observations on other organisms which 
require nitrate as an inducing agent for nitrate re- 
ductase formation. B. Nodule nitrate reductase 
activity seems ‘to be correlated with hemoglobin con- 
tent of nodules and the increase in nitrogen content of 
legumes during the growth season. C. The activity 
of the enzyme in nodules of soybean plants inoculated 
with different strains of R. japonicum is positively 
correlated with the nitrogen fixing efficiencies of the 
various strains. 

There is no evidence to support the view that 
nitrate is an intermediate in the nitrogen fixing proc- 
ess. In fact, experiments with isotopic nitrogen 
(to be published elsewhere) have shown that excised 
soybean nodules or root systems with attached nodules 
rapidly fix N15, yet, during periods ranging from Va 
to 16 hours after exposure, the isotope fails to equi- 
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librate with the traces of nitrate that are found in and 
isolated from the roots or nodules. It is unnecessary 
to assume that nitrate is the natural oxidant for the 
nodule enzyme, since it is well established that en- 
zymes such as aldehyde dehydrogenase, xanthine 
oxidase, and certain hydrogenases will function with 
nitrate as the oxidant under certain conditions. 
Despite the apparent correlations shown here and 
elsewhere (5) of nitrate reductase activity and N.- 
fixing potential of nodules, the nitrate reducing system 
of nodules should be regarded (7) as a system involved 
in nitrate respiration until evidence is presented to 
demonstrate directly its role, if any, in N.-fixation. 


SUMMARY 


The nitrate reductase activity of Rhizobium cells 
from nodules was studied in relation to factors known 
to influence N,-fixation by nodules. A definite pat- 
tern of enzyme activity, as affected by age of plant, 
was found. It consisted of an increase of the specific 
activity of nitrate reductase until an optimum was 
reached and then a decline of activity when the nod- 
ules approached senescence. The change of hemo- 
globin content of the nodules from soybean and velvet 
bean plants followed, in general, a similar pattern. 

The application of nitrate-N, and in some cases, 
ammonium-N to soybean plants resulted in a decreased 
activity of nitrate reductase in nodules. The hemo- 
globin content of nodules also was decreased by the’ 
nitrate treatments but not by the ammonium treat- 
ments. 

30th Fe and Mo deficiencies resulted in a pro- 
nounced reduction in the activity of nodule nitrate 
reductase and the content of hemoglobin in nodules. 

The evidence for a possible role of nitrate re- 
ductase in N.-fixation is discussed. 
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ISOCITRITASE, GLYCINE-ALANINE TRANSAMINASE, AND 





DEVELOPMENT IN BLASTOCLADIELLA EMERSONII» ®® 
HOWARD D. McCURDY, JR.,4 ann EDWARD C. CANTINO 


DEPARTMENT OF BOTANY AND PLANT PATHOLOGY, 
MICHIGAN STATE University, East LANSING 


The discovery (9) that the development of a new 
aquatic fungus, Blastocladiella emersonii, along either 
of two distinct morphogenetic pathways leading to 
ordinary colorless (OC) or resistant sporangial (RS) 
plants could be determined by a simple manipulation 
of the external environment, presented an excellent 
opportunity for studying the relationship between 
metabolism and morphogenesis. Even with this very 
simple, two-celled organism, however, almost a model 
system in fact, the relationship is a complex one, and 
the progress of our understanding inevitably slow. 
The comparatively recent finding (14) that light 
plays a role in development has added an interesting 
but complicating aspect to the story. 

Studies during the past decade have led us (11, 
13, 18,58) to postulate mechanisms for the morpho- 
genetic and light phenomena in Blastocladiella. An 
integral part of these is the key role of an enzyme, 
isocitritase ; its presence was implied but not explicit- 
ly demonstrated. In the work reported here, the pres- 
ence of isocitritase in Blastocladiella has been con- 
firmed, the enzyme partially purified, and its proper- 
ties studied. A second enzyme, glycine-alanine trans- 
aminase, presumably involved in the in vivo role of 
isocitritase, has been similarly examined. After the 
development of new culture techniques, the relation- 
ship of these enzymes to differentiation was investi- 
gated in detail. 


MATERIALS AND METHODS 


B. emersonii was grown on Difco CANTINO 
PYG AGAR and BROTH media. Resistant spor- 
angial (RS) plants were cultivated in PYG broth 
containing 0.75 g NaHCO,/liter (38). For partial 
purification of enzymes, 1.5 1 of PYG were inoculated 
with heavy spore suspensions, continuously aerated, 
and harvested just before the population produced 
one generation of plants. The latter were washed 
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Additional de- 


with 2 1 of water and sucked dry. 
tails are found in the text. 

Biochemicals were obtained as follows: amino, 
ketoglutaric, and oxalacetic acids from Nutritional 
Biochemical Corp.; triphosphopyridine nucleotide 
(TPN), diphosphopyridine nucleotide (DPN), sodi- 
um glyoxylate monohydrate, L-isocitric acid lactone 
(allo free), and pyridoxal-5-phosphate, from Sigma 
Chemical Co.; pyruvic acid from California Corp. for 
Biochemical Research. 

Isocitric acid was prepared from its lactone by 
hydrolysis with KOH; the hydrolysate contained 
50 % p-isocitric acid (by assay with pig heart iso- 
citric dehydrogenase (43). Sodium pyruvate was 
prepared from the acid (46) and recrystallized from 
a water-alcohol solution. Inorganic chemicals and 
organic solvents were reagent grade. Glass beads 
(No. 100) used for grinding plant tissue in the Servall 
Omnimixer were from the Minnesota Mining and 
Manufacturing Co. 


SpeciFIC METHODS FOR STUDIES OF ISOCITRITASE. 
Glyoxylic acid was assayed as its 2,4-dinitrophenyl- 
hydrazone (DNPH) colorimetrically (25), and 
spectrophotometrically by an adaptation of the method 
of Smith and Gunsalus (55). Keto acids were 
chromatographed as DNPH derivatives according to 
Cavallini (19) in  butanol-ethanol-water (BEW; 
4:1:5), butanol-acetic acid-water (BAW; 4:1:5), 
1-propanol-ammonia-water (PAW ; 6:3: 1), and two- 
dimensionally in phenol-water (PW; 2.5:1). Pro- 
tein was determined turbidimetrically with trichloro- 
acetic acid (TCA) according to Stadtman et al (57). 
Estimates of protein concentration on purified enzyme 
preparations were made at 215 and 225 me (60). 
Succinic acid was determined manometrically with 
succinoxidase from pig heart according to Krebs as 
described by Umbreit et al (59). Isocitric acid was 
determined with pig heart isocitric dehydrogenase 
(43). 

Isocitritase activity was determined at 30°C in 
3.1 ml reaction mixtures containing, in #M: D,L-iso- 
citrate, 40; cysteine - HCI, 5; MgCl., 10; phosphate, 
pH 7.4, 200. The reaction was initiated by adding 
substrate and stopped by adding 0.3 ml 2N HCL. 
When necessary, protein was precipitated with 0.02 
ml 10 % Na.WO, : 2H,O and removed by centrifug- 
ing. After diluting to 10 ml, 1 ml of 0.1 % dinitro- 
phenylhydrazine in 2 HCl was added to 1 ml of 
reaction mixture. After 6 minutes at room tempera- 
ture, 2 ml 95 % ethyl alcohol was added, followed by 
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4 ml of 1.5N NaOH. After 3.5 minutes, the color 
was read at 490 and 540 mz. Under our conditions, 
the optical density (O.D.) ratio (490 m#: 540 mz) 
of the DNPH derivatives of glyoxylate, pyruvate, 
and ketoglutarate were about 1.5, 1.0, and 0.8 respec- 
tively; thus, the O.D. ratio revealed the presence of 
keto acids other than glyoxylate, and derivation of 
simultaneous equations permitted calculation of the 
individual concentrations of the acids present. One 
unit of isocitritase activity was defined as the amount 
of enzyme catalyzing formation of 1 #M glyoxylate/ 
10 minutes ; and specific activity, the number of units / 
mg protein. 


SpEcIFIC MetHops FoR STUDIES OF GLYCINE- 
ALANINE TRANSAMINASE. Glycine and alanine were 
determined quantitatively (31), following their sepa- 
ration with PAW on acid-washed Whatman No. 1 
paper. For qualitative studies, amino acids were re- 
solved with BEW, PAW, and BAW, and detected 
with 0.1 % ninhydrin in 95 % ethyl alcohol. Pyruvic 
acid was determined according to Straub, as outlined 
by Green et al (27), with slight modification. Mix- 
tures of glyoxylate and pyruvate were assayed as the 
DNPH derivatives (as described previously). Gly- 
cine-alanine transaminase was determined at 37° C 
in 1 ml assay mixtures containing, in #M: sodium 
glyoxylate monohydrate, 10; L-alanine, 10: phosphate, 
pH 8.0, 40; MgCl., 5; and pyridoxal-5-phosphate, 
10 ug. After 10 minutes the reaction was stopped 
with Straub test Reagents (a control is necessary to 
correct for a small amount of non-enzymatic trans- 
amination which occurs between glyoxylate and 
alanine in the strong alkali used in the test). A unit 
of transaminase was defined as the amount of enzyme 
catalyzing production of 1 #M pyruvate/10 minutes; 
specific activity, the number of units/mg protein. 


SpecIFIC METHODS FOR STUDIES OF PHYSIOLOGY 
OF DEVELOPMENT. Uniform spore inocula, with 
known total dry weight and viable counts, were 
standardized turbidimetrically. Large Petri plates 
containing 40 ml PYG agar were inoculated with 
about 10° viable spores; the latter were spread evenly 
over the surface and incubated at 27°C. After ger- 
mination of the mature plants had begun, plates were 
flooded with 10 to 15 ml of sterile water. After 
about 30 minutes, a spore suspension was generally 
obtained containing from 10® to 107 spores/ml. 

After a density determination, the suspension was 
centrifuged at 400 x G for exactly 1.5 minutes in 
40 ml conical tubes, and the supernatant removed by 
pipette, care being taken not to disturb the loosely 
packed sediment. The spores were resuspended in 
the small amount of residual medium, transferred to 
12 ml centrifuge tubes, and cooled to 10°C. The 
suspension was centrifuged at 1,600 x G for exactly 
30 seconds, the supernatant decanted, and the sedi- 
ment resuspended in 10~2M_ phosphate, pH 7.0. 
Finally, the resuspended spores were washed by cen- 
trifugation as before, the supernatant decanted, and 
the spores resuspended again. 


Careful adherence to this procedure was esse ial; 
when followed carefully, it resulted in zoospore sus- 
pension exhibiting 80 to 100 % mobility. Any ¢: via- 
tion, however, generally led to the fragile zoos; sres 
rounding up and losing their flagella. Repeated -en- 
trifugation in distilled water or hypertonic solu: ons 
(10~' M), or high-speed centrifugation, generall led 
to loss of motility, deformation, and sometimes «om- 
plete disintegration. 

For preparation of homogenates, swarmers ~-ere 
centrifuged at 1,600 « G for 3 minutes. The pellet 
was resuspended in five volumes of phosphate (/971 
M, pH 7.4) containing 10~* M versene plus 10~* M 
cysteine - HCl) and homogenized in a 3 ml giass 
homogenizer or ground with a carborundum-giass 
mixture in a mortar and pestle. 


RESULTS 


IsocitTRITASE. Incubation of crude homogenates 
of Blastocladiella with isocitric acid led to the identi- 
fication of glyoxylic acid as the product of an enzy- 
matic reaction. However, ketoglutarate and pyru- 
vate were always produced as well when long incuba- 
tion periods were used; this was later shown to be 
due to enzymatic and chemical transaminations be- 
tween glyoxylate and endogenous amino acids. The 
demonstration of the stoichiometry and properties of 
the isocitritase reaction were therefore dependent 
upon preliminary purification. In all cases where 
attempts were made to obtain active, particle-free 
preparations by means of high speed (22,000 x G) 
centrifugation of homogenates (prepared with glass 
homogenizer ) most of the activity was always retain- 
ed in the sediment. However, soluble preparations 
from OC plants were finally obtained from extracts 
of acetone-dried powders and extracts obtained by 
homogenization in a Servall Omnimixer. 


PREPARATION OF ISOCITRITASE FROM ACETONE 
Powpers witH GLAsSs HoMoGENIZER. A 5-day cul- 
ture was harvested and homogenized in an ice bath 
for 10 minutes, (5.0 ml 2 x 107? M phosphate/gm 
wet wt). The homogenate was centrifuged at 22,000 
x G, the supernatant discarded, and the sediment re- 
suspended in the same volume of buffer. The centri- 
fugation was repeated, the sediment resuspended in 
one-fifth volume of buffer, the latter treated with 10 
volumes of acetone (—10° C), allowed to stand 10 
minutes, filtered, washed, with two volumes acetone, 
and sucked dry. The mat was air dried, ground to 
a powder, and stored at —18°C in a vacuum 
desiccator. 

Active extracts were prepared as follows: 1 g 
acetone-dried powder was stirred vigorously with 20 
ml 10-1M phosphate, pH 7.4, containing 10~*M 
cysteine for 15 minutes, centrifuged at 22,000 x G, 
and the sediment discarded. To 10 ml of supernatant, 
which contained the enzyme, 3.2 g (NH,).SO, was 
added in the cold, and the precipitate centrifuged off 
and resuspended in one-fourth the original volume 
of buffer. 
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P\RTIAL PURIFICATION OF ISOCITRITASE FROM 
OMNiMIXER HomoceNnates. Results of a_ typical 
fractionation are shown in table I. 

Step 1: Preparation of the crude extract. Plants 
from 14 hour cultures were homogenized in 10-1 M 
phosphate, pH 7.4. containing 10-* M cysteine and 
10-* M versene (5 ml buffer/g wet wt) with glass 
beads in the Omnimixer at 15,000 rpm for 3 minutes 
at —5° C. The homogenate was centrifuged in the 
cold at 22,000 x G and the supernatant used for the 
subsequent fractionation. 

Step 2: First (NH,).SO, Fractionation (frac- 
tion A). Twenty-two g (NH,).SO, was added to 
100 ml supernatant and the precipitate removed by 
centrifugation and discarded. To the supernatant 
was added 10 g (NH,).SO,/100 ml, the precipitate 
recovered by centrifugation, and redissolved in a 
fourth the original volume of 2 x 10~? M phosphate, 
pH 6.0. 

Step 3: Protamine sulfate treatment (cf. Colo- 
wick and Kaplan (20)). Protamine sulfate (20 mg/ 
ml 2 x 10~? M phosphate, pH 6.0) was added to the 
solution from step 2 such as to yield 0.27 mg prota- 
mine/mg protein. The precipitate was removed by 
centrifugation. 

Step 4: Second (NH,).SO,4 Fractionation (frac- 
tion B). The protamine sulfate supernatant was 
brought to 27 % saturation with (NH,).SO,, cen- 
trifuged, and the inactive sediment discarded. An 
additional 5.4 g¢/100 ml of original volume was intro- 
duced, the precipitate collected by centrifugation, and 
redissolved in one-fifth volume of 2 x 107? M phos- 
phate, pH 5.6. 

Step 5: Adsorption of impurities with 
Ca,(PO,). gel (cf. Keilin and Hartree (32). Suffi- 
cient gel was added to give a gel/protein ratio of 
one, the suspension equilibrated by stirring, and the 
gel removed by centrifugation and discarded. 


tion C). To 10 ml of supernatant was added 6.4 ml 
saturated (NH,).SO,, pH 7.5, the solution centri- 
fuged, and the sediment discarded. An additional 3.1 
ml of saturated (NH,).SO, per 10 ml was added, the 
sediment recovered, and redissolved in 10-4 M phos- 
phate, pH 7.4, containing 10-4 M cysteine and 10-* M 
versene. 


IDENTIFICATION OF GLYOXYLATE. Glyoxylate. 
was identified as a product of the enzymatic reaction 
by chromatography of its DNPH in four different 
solvents, and by 2-dimensional co-chromatography in 
PW and BPW. It was further identified by means 
of the absorption spectrum of its DNPH (max., 455 
m#) and the alkali-instability of the latter; thus it 
was readily distinguishable from the DNPH of pyru- 
vate and ketoglutarate, neither of which exhibits 
marked alkali instability. 


STOICHIOMETRY AND REVERSIBILITY OF ISOCITRI- 
TASE REACTION. Stoichiometry was established with 
(NH,).SO, preparations from acetone extracts and 
(NH,).SO, fraction A. The results (table II) are 
in agreement with the established reaction: 

p-isocitrate _, Glyoxylate + succinate 
The reversibility of the reaction was confirmed by 
incubating 20 #M of glyoxylate and succinate with 
the enzyme; 2.5 #M isocitrate/hour was produced. 


PRopPERTIES OF IsociTRITASE. Stability. Frozen 
mats and acetone powders of Blastocladiella may be 
stored for several weeks without appreciable loss of 
activity, but crude extracts stored at 4° C may lose 
as much as 30 to 40 % of their activity in 4 hours. 
Partially purified enzyme solutions will also lose 
about 50 % activity on overnight storage at 4° C, but 
they may be stored for some weeks at —18° C with 
little loss. 

Reaction rate and effect of pH. The rate of 














Step 6: Third (NH,),SO, Fractionation (frac- glyoxylate formation is directly proportional to en- 
TABLE I 
PARTIAL PURIFICATION OF ISOCITRITASE* 
: . PROTEIN SPECIFIC pies, = alive a PURIFICATION 
STEP FRACTION** (mc/ML) ACTIVITY % RECOVERY*** (-FoLD) 
1 Crude extract 4.1 0.31 100 1 
2 (NH,).SO, 
Fraction A 7.6 0.60 98 2 
3 Protamine . 
Supernatant 2.4 1.70 91 5 
4 (NH,).SO, ee 
Fraction B 3.0 4.00 55 13 
=, Gel . 
Supernatant 1.0 8.30 44 27 
6 (NH,).S0O, uv 
Fraction C 0.8 16.20 26 52 





one unit isocitritase; in 3.1 ml.; 30° C. 
** All steps carried out at 0 to 2°C. 


* Reaction mixture: 5 #M cysteine. HCl; 10 #M MgCl,; 200 #M phosphate, pH 7.4; 40 “M p,L-isocitrate; about 


*** (Total units/total number units in original extract) x 100. 
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Fic. 1. Time course of the isocitritase reaction. Conditions as described for isocitritase assay (table I), but 
with incubation times as indicated. 

Fic. 2. Isocitritase pH optimum. Conditions as for isocitritase assay (table I) except that a series of 5 minute 
incubations was used at the indicated pH. Enzyme: (NH,),SO, fraction C. 

Fic. 3. Isocitritase co-factor requirements. Conditions as for  isocitritase assay (table I). Enzyme: 
(NH,).SO, fraction C. 

Fic. 4. Reversibility of glycine-alanine transaminase. Two parallel series of four reaction tubes were set up 
using the conditions described for the transaminase (table[II). The reaction was initiated by addition of substrates 
and a tube from each set stopped at 5 minute intervals up to 20 minutes. As shown in one set, 20 uM glycine in 
0.1 ml was added to the 15 and 20 minute tubes. Enzyme: Gel Supernatant B. 
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TABLE II 


ISOCITRITASE STOICHIOMETRY* 








=—— 


D-ISOCITRATE GLYOXYLATE SUCCINATE 





ENZYME uM uM uM 
(NH,),SO,- 
acetone 
fraction 
Expt. 1 4.9 5.0 5.4 
Expt. 2 4.0 5.3 4.1 
(NH,),SO,- 
fraction A 
Expt. 1 3.8 4.0 
Expt. 2 5.2 4.9 








* Reaction mixture as in table I, but 1 hour incubation ; 
enzyme, about two units. 


zyme concentration up to about two units. The time 
course of the reaction is shown in figure 1. The en- 
zyme exhibits a sharp pH optimum at 7.4 (fig 2) ; 
thus, assays were carried out at this pH and with 
about one unit of enzyme. 

Specificity. Though neither pure D-isocitrate nor 
L-isocitrate was available, specificity for the D-isomer 
is implied by the stoichiometry data; that is, while the 
isocitric dehydrogenase used for determination of iso- 
citrate is specific for the p-isomer, both isomers were 
always present in the isocitritase reaction mixture in 
equal concentrations. 

Crude extracts did not produce DNPH-forming 
compounds when incubated with citrate or cis- 
aconitate. This is of particular interest since various 
workers (e.g. 21, 56,61) have reported an enzyme 
irom bacteria (citritase) which cleaves citrate to ox- 
aloacetate and acetate. In particular, oxaloacetate 
was never detected as a product of isocitrate utiliza- 
tion by crude extracts or acetone powders of OC 
plants, though conditions were such that it would have 
been detected, and the presence of aconitase activity in 
such preparations has been demonstrated (17). 
Neither did they produce oxaloacetate from citrate as 
judged by measurements at 280 m# (28). 


CoFAcToR REQUIREMENTS. Isocitritase requires 
a metallic ion for maximum activity as well as a sulf- 
hydryl group. Glutathione was only 60 % as effective 
as cysteine. Though Mg was routinely employed as 
cofactor, Mn, at the same concentration, was equally 
effective (when tried with tris buffer systems). Co- 
factor saturation curves for both Mg and cysteine are 
shown in figure 3; both gave maximum activity at 


ca. 1078 M. 


EFFECT OF SUBSTRATE CONCENTRATION, TEMPERA- 
TURE, AND Ligut. When isocitrate concentration (as 
the D-isomer) was plotted against reaction velocity, 
a typical substrate concentration curve was obtained ; 
rearrangement of the data according to Lineweaver 
and Burk (37) permitted estimation of the Michaelis 
constant as 4.8 X 107-4 M. Determination of reaction 
rates at several temperatures allowed graphical esti- 
mation of the activation energy according to the 
Arrhenius equation (42,2) as E = 10, 700 calories/ 
mole. The Q,, of the reaction was 1.8. Finally, it 
was established that glyoxylate production in white 
light (300 ft-c.) and dark was identical. 


GLYCINE-ALANINE TRANSAMINASE. During the 
early studies on isocitritase using crude preparations 
and long incubation periods, pyruvate was a frequent 
product of side reactions involving glyoxylate. Be- 
cause it seemed likely that transamination between 
glyoxylate and endogenous amino acids was respon- 
sible, glyoxylate was incubated with a number of. 
amino acids (L-glutamate, L-glutamine, L-aspartate, 
L-alanine, L-tyrosine, L-lysine, L-proline, L-leucine, 
L-histidine, L-arginine, and L-threonine) in the pres- 
ence of boiled and unboiled crude enzyme and appro- 
priate controls. Enzymatic transamination occurred 
only in those reaction mixtures containing L-alanine. 
Since it seemed likely that an alanine-glyoxylate 
transamination might constitute an important pulling 
reaction for removal of glyoxylate produced by iso- 
citritase, further studies were carried out. 


PARTIAL PURIFICATION OF GLYCINE-ALANINE 


TRANSAMINASE (see table III). 


TABLE III 


RESULTS OF TRANSAMINASE PURIFICATION* 








PROTEIN 


SPECIFIC 





FRACTION (MG/ML) acta % REcOVERY** PURIFICATION 
1. Crude extract 5.3 0.68 100 1 
2. Protamine sulfate Vie 3 1.40 103 2 
3. Acetone I 2.2 11.00 96 16 
4. Gel supernate B 0.7 29.0 100 43 
5. Acetone II 0.9 55.0 60 80 





* Reaction mixture: 10 uM sodium glyoxylate; 10 #M t-alanine; 40 uM phosphate, pH 8.0; 5 uM MgCl,; 10 
#g pyridoxal-5-phosphate; enzyme, under 0.7 units; in 1 ml, 37°C. Reaction stopped at 10 minutes with Straub 


reagents. 


** (Total units/total No. units in original extract) x 100 
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TABLE IV 


STOICHIOMETRY OF GLYOXYLATE-ALANINE 
TRANSAMINATION* 

















TIME, HR uM GLYOXYLATE 
GLYCINE PyrRUVATE ALANINE 
1 2.9 2.7** 2.5 
2 a 3.6** 3.3 3.2 





* Reaction mixture as in Table III, but incubation 
times as indicated; reaction stopped with 0.09 ml. 2N 
HCl; enzyme: Gel supernatant B. 

** Determined by calculation from O.D. at 490 and 
540 mu, and Straub test. (averaged). 


Step 1: Preparation of crude extract. Plants 
from 14 hour cultures were homogenized in water 
(4 ml/g) containing 10~4 M versene and glass beads 
(4 g/g plants) in an Omnimixer (16,000 rpm; 
—5° C) for 3 minutes. The homogenate was centri- 
fuged at 22,000 x G, and the supernatant used for 
fractionation. Endogenous amino acids in the crude 
extract prevented direct estimation of initial trans- 
aminase activity. Therefore, the extract was dialyzed 
20 hours against 2 < 10~!M phosphate, pH 7.4, at 
4° C, after which it was assayed for activity. Since 
dialysis lowered the protein concentration through 
apparent denaturation of inactive protein, the initial, 
specific activity was expressed as #M pyruvate pro- 
duced by the dialyzed preparation/mg protein in the 
original undialyzed material (prolonged dialysis of 
enzyme does not affect transaminase activity). 

Step 2: Protamine sulfate treatment. Three- 
fourths ml of protamine sulfate (20 mg/ml) was 
added for every 100 mg crude extract protein at 0° C, 
and the precipitate removed by centrifugation at 
30,000 x G. 

Step 3: First acetone fractionation. Acetone 
(—10° C) was added until its concentration reached 
47% and the precipitate was removed by centri- 
fugation and discarded. The active fraction was ob- 
tained by bringing the acetone concentration to 57 % 
at —10° C, the solution centrifuged, and the sediment 
resuspended in one-fifth the original volume of water. 
The solution was dialyzed 20 hours at 1° C against 
three changes of 100 volumes of water containing 
10-4 M versene. 

Step 4: Negative adsorption with Ca,(PO,). 
gel. Enough gel solution (18.6 mg/ml) was added 
to the dialyzed fraction at 0° C to give a gel-protein 
ratio of 2:1. After adsorption equilibration (15 
min), the gel was removed by centrifugation and dis- 
carded. The process was repeated once, and the 
supernatant used in the next step. 

Step 5: Final acetone fractionation. To further 
concentrate the transaminase, enough acetone 
(—10° C) was added to give a concentration of 62 % 
at —5 to 0° C. The precipitate was recovered by 
centrifugation, resuspended in one-fourth volume 


water, and dialyzed 20 hours against three c 


anges 
of 500 volumes of water. 


STOICHIOMETRY, REVERSIBILITY, AND IDENYiFIca- 
TION OF Propucts. Pyruvate was established «s the 
product of the transamination between glyoxylate 
and alanine by paper chromatography of its I) NPH 
in BEW, and by Straub’s quantitative salicylal:chyde 
reaction. Glycine was identified by paper chromato- 
graphy in PA, BEW, and BAW. Determinations of 
reactants and products after incubations of glyoxylate 
and alanine with enzyme (table IV) defined the re- 
action as: 

Glyoxylate + L-alanine = glycine + pyruvate 

To demonstrate reversibility, pyruvate and glycine 
were incubated in the usual reaction mixture. No 
disappearance of pyruvate was detected nor was ala- 
nine produced, in spite of the fact that the forward 
reaction had proceeded to only one-third conversion. 
Thus, it seemed likely that pyruvate or glycine was 
inhibitory. With this in mind, modified experiments 
were set up which did demonstrate the reversibility 
of the reaction (fig 4); glycine brought about ap- 
parent reversal. This was confirmed in another ex- 
periment in which 2.0 #M pyruvate and 20 #M glycine 
were incubated for 1 hour in the usual reaction mix- 
ture; this led to disappearance of 0.28 #M pyruvate 
and appearance of a corresponding amount of alanine. 


PROPERTIES OF TRANSAMINASE. Stability, effect 
of pH, and reaction rate. The enzyme may be stored 
for at least a week at 4° C, or 2 months at —18° C, 
without loss of activity; it is also stable to prolonged 
dialysis against various buffers. Highest activity is 
obtained at pH 8.5. However, since considerable 
non-enzymatic transamination occurs here (fig 5), 
routine assays were carried out at pH 8.0. The 
amount of pyruvate produced was directly proportion- 
al to the amount of enzyme up to 0.7 units. The re- 
action proceeds to ca. one-third conversion (fig 6). 

Activators and inhibitors. Neither prolonged 
dialysis against water, phosphate, nor 50 % saturated 
(NH,).SO, caused the enzyme to exhibit stimulation 
by addition of pyridoxal-5-phosphate. Precipitation 
of the enzyme by dialysis against saturated 
(NH,).SO, followed by dialysis against 2 x 10~? M 
acetate, pH 4.0 (cf. 64) caused complete, irreversible 
loss of activity which could not be restored by pro- 
longed incubation with pyridoxal phosphate and Fe 
(+3), Mg, Cu (+2), ete. (41). In common with 
other pyridoxal phosphate enzymes, glycine-alanine 
transaminase was inhibited (table V) by KCN and 
hydroxylamine (20); the latter was overcome by 
10-*M_ pyridoxal phosphate. Isoniazid (22, 64), 
reportedly an inhibitor of vitamine B, enzymes, did 
not inhibit even at 10~2M. So far, requirements 
for a metal ion have not been demonstrated for any 
transaminase; our glycine-alanine transaminase was 
no exception. Dialysis against water and various 
buffers containing versene failed to reveal the need 
for the metallic cofactor. 


Substrate specificity. Incubations were carried 
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TRANSAMINASE: EFFECT OF HYDROGEN ION 
CONCENTRATION 
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Fic. 5. Transaminase pH optimum. Conditions as for transaminase assay (table III) except 40 uM tris buffer 
used from pH 7.2. to 8.4, and 40 “4M borate buffer from pH 8.4 to 10.0. In addition to the usual boiled enzyme 
controls, chemical controls were incubated for each pH, and pyruvate determined using the pH 7.2 reaction mixture 


as control. Enzyme: Gel supernatant B. 


Fic. 6. Time course of glycine-alanine transamination. 
that incubation times were as indicated; reaction stopped with 0.09 ml 2N HCl. Enzyme: Gel Supernatant B. 

Fic. 7. Log-growth curve of individual plant of Blastocladiella. The plotted data are the logs of the values 
obtained by dividing the dry weights obtained at times indicated, by the corrected number viable swarmers in the 


inoculum, 


Conditions as for transaminase assay (table III) except 


Fic. 8. Relationship between culture age and oxygen uptake. Qo,, #1 O,/mg dry wt/hr 
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TABLE V 


INHIBITION @F TRANSAMINASE* 











ag 
ApDETIONS oe INH IBITION 

Control 0.65 0 
10-3 M KCN 0.63 0 
10-2 M KCN 0.05 92 
10-* M_ hydroxylamine 0.00 100 
10-4 M_ hydroxylamine 0.38 42 
10-4 M hydroxylamine 

and 10-3 M pyridoxal 

phosphate 0.65 0 





* Reaction mixture as in Table III, but with additions 
as indicated; enzyme: Gel supernatant B. 


out with a number of substrate pairs, including the 
keto acids pyruvate, glyoxylate, oxaloacetate, alpha- 
ketobutyrate, and alpha-ketoglutarate, and the amino 
acids alanine, glycine, isoleucine, serine, valine, leu- 
cine, lysine, phenylalanine, proline, glutamine, aspara- 
gine, cysteine, arginine, tryptophane, threonine, as- 
partate, and glutamate. Products were detected by 
paper chromatography. L-Alanine could not be re- 
placed by any other amino acid in systems containing 
glyoxylate; b-alanine was inactive. An enzymatic 
transamination between pyruvate and asparagine, 
however, was detectable, but further work is neces- 
sary to determine if this is due to the same or a dif- 
ferent enzyme; structural considerations, however, 
suggest that a separate enzyme is involved. Finally, 
assays of transaminase activity were carried out under 
the conditions used previously for light and dark 
assays of isocitritase. No stimulation by light oc- 
curred, 


ENZYMOLOGY AND ONTOGENY IN BLASTOCLADIEL- 
LA: Cultivation of synchronous single generation 
cultures of OC plants. Using heavy spore suspen- 
sions and continuous aeration, up to 4 g/1.5 1 PYG 
of single-generation populations were obtained in 14 
hours. It seemed likely that a time-course analysis 
of such cultures might reveal further clues to the func- 
tion of isocitritase and glycine-alanine transaminase 
in ontogeny. In preparation for these studies, a 
growth curve was established for single generation 
cultures of OC plants, their protein content at various 
ages determined (table VI), and their overall mor- 


TABLE VI 


SoLuBLE ProTEINS DurING ONTOGENY 








SOLUBLE PROTEIN (MG/GM)* 


371 
3 393 
6 350 
9 
1 


AGE, HRS 





0 (Zoospores) 


380 
312 


bdo 





* Protein determinations on 22,000 x G supernatants 
obtained from Omnimixer homogenates 
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phology recorded photographically (fig 9). 
Growth was exponential, as indicated by a log 
plot of the dry weight data (fig 7). Mic 


: : ‘Scop 
examination revealed that at all stages, planis were 
very uniform in morphology and size ( fig 9) except 


toward the very end of the generation time (ca ' 
hours) when some plants began to germin:ie, 
was clear that such cultures resulted from ver; 
synchronous growth of single generations 
plants. 


1ea. 


f OL 


ENDOGENOUS RESPIRATION OF ZOOSPORES AND Dg- 
VELOPING PLANTS. Most of the enzymatic activities 
associated with the Krebs cycle had been found j; 
mature, OC plants (17). Because of this and th 
close association of isocitritase and CO, fixation wit 
the tricarboxylic acid cycle, we looked for some in 
cation of the type of metabolism exhibited by 
spores. The endogenous Qo, of spores (at 3 
and pH 6.5-7.0) was 102. Addition of nume: 
substrates did not affect the rate. Arsenite 
10~* M) inhibited O, uptake 45%. At pH 5.5 
onate inhibited completely at 2 x 107° M, and 56 
at 4 x 107-4M. Succinate, at 10 times the malon; 
concentration, returned the Qo, to endogenous leve 
(table VII). Thus presumptive evidence was o 
tained for a functioning tricarboxylic acid cycle in 
zoospores. However, since addition of various sub- 
strates failed to stimulate the endogenous Qo., further 
investigations will be necessary. 

Since Brown and Cantino (4) had found a much 
lower Qo, (about 9.0) for mature OC plants than re 
ported here for spores, Qo, determinations were don 
at various developmental stages of a single generation 
culture. The Qo, decreased greatly as the plants de- 
veloped to maturity (fig 8). However, as was to be 
expected, it was somewhat higher than the values 
reported for multiple generation cultures which had 
contained appreciable numbers of dead plants. 


TABLE VII 


EFFECT OF INHIBITORS ON ZOOSPORE RESPIRATION* 








O, UPTAKE _, 
2 % INHIBITION 





ADDITIONS CONCENTRATION (uL/HR) 

None a5 : ‘ 56 Be 
Arsenite 4x 1074 31 44 
None sara 46 

Malonate 4 xX 10-4*M 24 48 
Malonate 4 x 1074 

Succinate 4 xX 10-3M 37 20 
Malonate 4 xX 10°-4M 

Succinate 8 x 107-3 M 46 None 





* Flask contained 100 #M glycyl glycine, pH 5.5, 0.4 
ml swarmer suspension, 0.2 ml 10 % KOH in center well, 
and additions as indicated, at 30° C. Glycyl glycine itself 
did not induce oxygen consumption. 
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Fic. 9. (1), Zoospores from OC 
single-generation synchronous cultures. 


RELATIONSHIP OF ISOCITRITASE AND TRANSAMIN- 
ASE TO DEVELOPMENT AND MorPHOGENESIS. Iso- 
citritase and transaminase activities were established 
jor RS plants, OC. plants, and spores. Because of 
high levels of endogenous amino acids, particularly 
alanine (38), it was not possible to assay zoospores 
directly for isocitritase ; in this case, assays were made 
on spore extracts previously fractionated with 0.65 
volumes of saturated (NH,).SO,. Both enzymes 
were detectable at all stages of the life cycle (table 
VIII). 

Enzyme synthesis during growth of single genera- 
tion cultures of OC plants was then traced in both 
light and dark. Enzyme activities per plant were 
calculated from conversion factors obtained from the 
growth curve data. Isocitritase (units/g dry wt and 
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es 


flagella. (x 500). (2) to (6), plants derived from 
(2), 3-hour germling (x 500); (3), 6-hour OC plant (x 500); (4), 9- 
hour OC plant (x 500); (5), several 9-hour OC plants illustrating degree of uniformity of synchronous cultures 
(x 240); (6), 12-hour OC plants; note that one plant has almost completed release of zoospores ( 240). 


units/mg protein) decreased during the first 3 hours 
of growth, remained low until 9 hours, and then rose 
again to initial levels. But, the number of units 
per plant remained relatively constant and then in- 
creased almost exponentially during the last half of 
the generation time, thus demonstrating that net syn- 
thesis of isocitritase does not occur until relatively 
late in development. Although glycine-alanine trans- 
aminase drops somewhat (in units/g dry wt, and 
units/mg protein), it is apparently synthesized ex- 
ponentially from the very beginning of plant develop- 
ment! The relationship between enzyme synthesis 
and over-all genesis of plant material is shown in 
figure 10. 


TRANSAMINASE AND ISOCITRITASE IN DEVELOPING 











ENZYME SYNTHESIS AS A FUNCTION 
OF PLANT GROWTH 
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ase and isocitritase of B. emersonii. There: sre. be- 
fore considering their possible roles in light-st: ulated 
growth and morphogenesis, a brief discussio: 











L0G,o WEIGHT PER PLANT (MGM Xx 10°) 


Fic. 10. Enzyme synthesis as a function of OC plant 
growth in the dark (data for light-grown plants were 
not significantly different). The plotted values were 
obtained from the log-data used in figure 7, and the 
specific activities of isocitritase and transaminase at dif- 
ferent stages of development. 


RS Prants. Finally, synchronous cultures of RS 
plants (38) were assayed as before for isocitritase 
and transaminase activities. The specific activity of 
isocitritase remained fairly constant during the first 
24 hours (fig 11). However, beginning at 36 hours, 
there was a sharp increase in activity which peaked 
at 48 hours and then slowly declined. The specific 
activity at 48 hours was higher than that at any other 
stage in the life cycle (see table VIII). Transamin- 
ase activity behaved similarly (fig 12). Since RS 
plants mature (38) under these conditions at about 
84 hours, the levels of activity of both enzymes reach 
their maxima at about 3/5 of the generation time! 


DIscussION 


The purpose of this work was the study of growth 
and differentiation in terms of the underlying bio- 
chemical mechanisms involved. Enzymological stud- 
ies of aquatic fungi have been rare, and have never 
before involved the study of enzymes at the degree 
of purity achieved for the glycine-alanine transamin- 




















of the 
properties of these enzymes is appropriate. 
ISOCITRITASE RELATIONSHIP TOR S 
DEVELOPMENT 
z 
F 100 
2 
$ a. 
s fr 
3 o75 (12) / \ 
2 
5 
< 
¥ 
z RUN ONE -<--- 
g RUN TWO ——me 
3 
24 38 72 oo 
AGE IN HOURS 
TRANSAMINASE. RELATIONSHIP TO RS 
s CULTURE DEVELOPMENT 
5 
a 
a 
z 
3 2.0} 
« 
i 
wo 
r 
5 
' 
a 
< 
z 
Z10 
z 
=< 
4 FIRST TRIAL ---= 
SECOND TRIAL ——— 
24 PY) 72 36 
AGE OFR S 
Fic. 11. Relationship between isocitritase activity 
and RS development. 
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TABLE VIII 


DISTRIBUTION OF ISOCITRITASE AT Various STAGES oF Lire CycLe* 




















ISOCITRITASE TRANSAMINASE 
STAGE OF UnitTs/G UNITS/MG Units/G UNITS/MG 
DEVELOPMENT DRY WT PROTEIN DRY WT PROTEIN 
Zoospores 82 0.23 271 0.79 
Mature OC plants 55 0.18 193 0.58 
4-day RS plants 0.50 0.99 








* Conditions as for assays of respective enzymes described previously. 
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IsocliRITASE. Evidence for a deviation from the 
Krebs cycle involving formation of glyoxylate and 
succinate from tricarboxylic acids was provided by 
Campbell et al (8) using Pseudomonas aeruginosa 
(Schroeter) Migula, but they were unable to demon- 
strate the specific substrate for the reaction. How- 
ever, the results of others (53, 50,44) have since 
shown D-isocitrate to be the substrate for the reaction 
catalyzed by isocitritase; its activity has been identi- 
fied in aerobic and facultative bacteria (54, 63), cer- 
tain fungi (45,35), and the castor bean (34). It 
has been partially purified from Pseudomonas (55), 
and yeast (45). Aerobic conditions (54,36) were 
required for optimum enzyme production by bacteria 
grown in acetate and mineral salts media. Glucose 
repressed isocitritase formation in facultative bacteria, 
and decreased its activity in aerobic organisms; 
therefore, it appeared to be adaptively formed in these 
organisms. 

The isocitritase of Blastocladiella closely resembles 
that from other organisms where similar levels of 
purification have been achieved. Thus, though it 
differs slightly in its pH optimum (pH 7.4 vs 8.2 for 
Pseudomonas) and (NH,).SO, solubility, its Mich- 
aelis constant (4.8 x 10~*) is almost identical to 
that of the enzyme from Pseudomonas aeruginosa 
(55). The Michaelis constant of the yeast enzyme 
(45), determined under somewhat different condi- 
tions, is 1.2 * 1072 M._ Like the reaction catalyzed 
by the enzyme from other sources, Blastocladiella’s 
isocitritase mediates a reversible reaction specific for 
the b-isomer. The isocitritases from Blastocladiella 
and Pseudomonas exhibit similar saturation curves 
for both Mg and cysteine, with maximum activities 
at 10~* M. Worthy of mention is the fact that the 
response curve for cysteine exhibits a maximum fol- 
lowed by decreasing activity with increasing cysteine 
concentration, a phenomenon probably attributable 
toa chemical reaction between cysteine and glyoxylate. 
Brunel-Chapelle (5) reported such a reaction at pH 
9 and above. We have found considerable disap- 
pearance of glyoxylate even at physiological pH in 
the presence of sufficiently large excess of cysteine. 
Olson (45) reported a similar observation in studies 
on yeast isocitritase. 


TRANSAMINASE. Transaminases catalyzing amino 
group transfer from all natural amino acids have been 
described (40), but relatively few have been purified. 
Only recently has a highly purified glutamate-aspar- 
tate enzyme been obtained (29, 30). Reports of trans- 
aminases catalyzing interconversion of glyoxylate and 
glycine have been rare and, except for transamina- 
tion-deamination enzymes (discussed by Meister, 
40), none has been purified or thoroughly studied. 
Cammarata and Cohen (6) and Awapara and Seale 
(3) reported an enzymatic transamination between 
glyoxylate and glutamate catalyzed by rat tissue 
preparations. Wilson et al (62) demonstrated 
similar activity in plant tissues. More recently, an 
extract of Pseudomonas was observed (7) to catalyze 
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transamination of glyoxylate to glycine from gluta- 
mate, aspartate, alanine, asparagine, and glutamine. 
It was not established, however, whether one or sev- 
eral enzymes were involved, and no fractionation was 
attempted. 

Though alanine participates in a number of trans- 
aminations (49, 3,47,48,1), there are no reports 
other than that of Campbell (7) of a glyoxylate- 
alanine transaminase. 

Extracts of B. emcrsonii mediated the rapid con- 
version of glyoxylate to glycine by amino group 
transfer from alanine. Since this might have consti- 
tuted a pulling reaction in the S.K.I. cycle (14), and 
since there have been no previous reports of attempts 
to purify a glycine-alanine transaminase, further 
studies were carried out. The enzyme, purified 80- 
fold, was quite stable and resembled other transamin- 
ases in exhibiting maximum activity at alkaline pH. 
Attempts to demonstrate direct stimulation by pyri- 
doxal phosphate were unsuccessful. However, it 
seems likely, in view of its almost-universal role in 
transamination, that pyridoxal phosphate is involved 
in the glyoxylate-alanine transamination as well; in- 
hibition of the reaction by hydroxylamine and its re- 
versal by pyridoxal phosphate indicates that this is so. 
We have concluded that the coenzyme is probably 
very tightly bound to the holoenzyme, though Meister 
(40) pointed out the theoretical possibility of enzy- 
matic transaminations involving glyoxylate not re- 
quiring a cofactor. 

It was expected that the equilibrium of the trans- 
amination would be far in the direction of glycine 
production (41). However, conversion to glycine 
and pyruvate never exceeded about one-third conver- 
sion, while the reverse reaction yielding alanine was 
only detectable under certain conditions; therefore, a 
true equilibrium was never attained. Clearly, pyru- 
vate had an inhibiting effect upon the enzyme. 
Nevertheless, there is no reason, a priori, to believe 
that the equilibrium constant of the enzymatic reac- 
tion should be different than that for chemical trans- 
amination involving glyoxylate. 


ENZYMES AND DEVELOPMENT IN BLASTOCLADIEL- 
LA. Our primary interest in isocitritase was based 
upon indirect evidence (14, 15,16) that it was in- 
volved in a mechanism for CO, fixation as the pull- 
ing reaction which removed isocitrate from the site of 
reductive carboxylation of ketoglutarate. The S.K.I. 
(14) mechanism had been thought to operate as fol- 
lows: in the presence of bicarbonate, light energy 
helped to push or pull the reductive carboxylation of 
ketoglutarate to isocitrate and thence, via an enzyme 
(presumed to be isocitritase), to succinate and a C, 
fragment (presumed to be glyoxylate). It was 
thought that glyoxylate and some of the succinate pro- 
duced were then integrated into the biosynthetic 
machinery which yielded increased growth under con- 
ditions of illumination. In morphogenesis leading to 
RS plants, if a similar mechanism is assumed to 
operate, the high concentration of bicarbonate in- 
volved (ca 10-2M) must upset a critical, internal 
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balance so that instead of increased growth, an en- 
tirely new course of development is pursued culminat- 
ing in the production of resistant sporangia. That 
this is the case now seems all the more likely in view 
of the observation (12) that the bicarbonate trigger 
mechanism is also stimulated by light. Moreover, 
because of the high specific activity of the transamin- 
ase as compared to isocitritase and the probable equi- 
librium (40,41) of the glyoxylate-glycine conversion 
towards glycine production, it now seems a reasonable 
assumption that transamination constitutes one of the 
important reactions responsible for the further metab- 
olism of glyoxylate. Therefore, experiments were 
carried out to elucidate the roles of these enzymes in 
Blastocladiella. Because the specific locus of the 
light effect had not been established, any reaction pre- 
sumed to be involved in light stimulated growth was 
suspect. Tests on the purified enzymes themselves, 
however, established unequivocally that neither was 
the specific locus for the light effect. 

A method was then developed for cultivating 
massive OC cultures which, on the basis of their syn- 
chronous nuclear division (58), morphological uni- 
formity and the logarithmic nature of their growth 
curves, were very nearly synchronous for most of the 
generation time. Meanwhile, conditions were also 
established for growing synchronous cultures of RS 
plants (38). In addition, a new technique was de- 
veloped that permitted for the first time, physiological 
studies of the motile spores of aquatic fungi. Thus, 
while previous studies of developmental problems were 
limited to the use of heterogeneous liquid cultures 
containing several generations of plants, now it has 
become possible to study much more precisely, bio- 
chemical changes as they occur from the germination 
of the tiny zoospores to the development of the mature 
plant along either of the alternative, ontogenetic paths. 

Armed with these new techniques, we followed 
the behavior of isocitritase and glycine-alanine trans- 
aminase during the development of a single generation 
of OC plants. Ona protein basis, the specific activity 
of isocitritase was high in the spores, dropped sharply 
as development began, remained low for about half 
the generation time, and then rose again to initial 
levels. Transaminase activity, on the other hand, 
changed relatively little during plant growth; it drop- 
ped only one-third from starting levels in the spores 
to those in mature plants. But, for purposes of inter- 
pretation, a much different and more meaningful pic- 
ture evolved by considering the synthesis of the two 
enzymes per individual plant. Thus, glycine-alanine 
transaminase was synthesized exponentially through- 
out the generation time as a linear function of plant 
growth, while isocitritase synthesis exhibited a defi- 
nite lag extending to between the 3rd and 6th hours 
after germination of the spores. 

The possible significance of the lag in isocitritase 
synthesis during ontogeny may best be appreciated 
on the basis of comparative biochemistry. It is axio- 
matic that the cell must have some way of controlling 
its metabolism, and one means whereby this is ac- 
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complished is by control of enzyme synt. <is, 4 
great deal of work has been done on adapti\ 


nzy 

formation in microorganisms as a possible m sain 
for control of enzyme synthesis. One si. ificant 
finding has been the remarkable correlation tween 
the need for particular enzyme functions and : +e syn- 
thesis of the enzymes involved. For examp’. facyl- 
tatively anaerobic bacteria (24) and yeast (5. , when 
cultivated anaerobically, apparently synthesiz::| Krebs 
cycle enzymes at a very low rate; but aer. ically, 


rapid synthesis of the whole array of respiraiory en- 
zyme activities was brought about. 


Thus, on the basis of past studies and the preced- 
ing discussion, we have evolved the following orking 
hypothesis: lack of synthesis of isocitritase during 


the early stages in development of an OC plant reflects 
a situation in which the reaction it catalyzes is not 
required. During the early phases of the generation 
time, increased nucleic acid synthesis (58) and other 
reactions associated with light-stimulated growth take 
place at the expense of a readily available source of 
metabolites which, at least in part, may be alternative- 
ly supplied by isocitritase if it is present. After 3 
to 6 hours of growth, this pool of precursors becomes 
depleted or insufficient, necessitating either initiation 
of, or a shift to, an alternative mechanism of supply. 
Since this period in ontogeny corresponds to the sharp 
decrease in endogenous respiratory activity (fig 8), 
it is possible that the deficiency is due to decreased 
production of substances associated with a function- 
ing Krebs cycle. In any case, in response to the re- 
quirement for an alternative supply route, synthesis 
of isocitritase is begun thus bringing into operation 
the S.K.I. cycle, with a consequent increase in CO, 
fixation, which is now pulled by light. The glyoxyl- 
ate produced is at least in part transaminated with 
alanine to yield glycine which, in turn, may be used 
to produce thymine (23) and purines (26) for nucleic 
acid synthesis. 

It is probably premature to try to discuss in great 
detail, with the comparative biochemical literature 
as a frame of reference, the possible metabolic fates 
of glyoxylate, succinate, and glycine in relation to 
differentiation and growth. However, the finding 
(16) that glyoxylate and succinate together, direct 
products of the isocitritase cleavage, will replace the 
light effect in vivo, and our discovery of a direct 
metabolic route from glyoxylate to glycine are strong- 
ly suggestive of one particularly likely route of me- 
tabolism. Thus, Kikuchi et al (33) reported an en- 
zymatic reaction yielding delta-aminolevulinic acid 
from succinate and glycine which was stimulated by 
light. Moreover, studies with radioactive tracers 
have incriminated delta-aminolevulinic acid as an 1n- 
termediate in the conversion of glycine to thymine and 
purines (51), as well as carotene synthesis (39) ; and 
this brings us to the observation (58) that thymine 
(but not uracil) will substitute for light in DNA syn- 
thesis in Blastocladiella. From these findings, we 
cannot help but regard as very attractive, the possi- 
bility that in Blastocladiella, delta-aminolevulinic acid 
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js an important link connecting glyoxylate, glycine, 
and succinate with light stimulated growth and, in 
RS morphogenesis, at least carotene synthesis. 

Finally, in a preliminary attempt to elucidate the 
roles of isocitritase and transaminase in the alternate 
developmental pathway, synchronous cultures of RS 
plants were also studied. The results showed an ex- 
traordinary correlation between the specific activities 
of the two enzymes and the morphological and bio- 
chemical changes which occur during the genesis of 
aresistant sporangium. Beginning at about the 24th 
hour of ontogeny, the specific activities of both gly- 
cine-alanine transaminase and isocitritase increased 
sharply, reaching maximum levels at 48 hours; these 
levels were 3 to 4 times higher than at any other stage 
of the entire life cycle. Simultaneously, there is a 
dramatic appearance of gamma carotene and melanin, 
and increased synthesis of lipid and chitin, as well 
as other structural and physiological changes (38). 
All of these events occur at approximately three-fifths 
of the generation time, the very point of no return in 
Blastocladiella (10) beyond which differentiation is 
irreversible ! 

These results lend significant support to our con- 
tention that isocitritase and glycine-alanine trans- 
aminase are key components of both the light-stimu- 
lated growth of OC plants and the bicarbonate trigger 
mechanism in morphogenesis of RS plants. 


SUMMARY 


The enzyme, isocitritase, which had been postu- 
lated to play an important role in the development of 
Blastocladiella emersonti, has been purified about 
50-fold from extracts of this organism and some of 
its properties have been studied. A second enzyme, 
glycine-alanine transaminase, which has not been 
previously described, was purified about 80-fold and 
its properties similarly examined. New methods were 
developed which permitted, for the first time among 
aquatic fungi, precise, enzymological studies at all 
stages of the synchronized growth of populations of 
Blastocladiella, from zoospores to the mature, ordinary 
colorless plants. The synthesis of isocitritase and 
glycine-alanine transaminase was followed during the 
development of both colorless and resistant-sporangial 
plants, and an attempt was made to integrate the 
results into an interpretation of the function of these 
enzymes in morphogenesis and lumisynthesis (light- 
stimulated growth) in B. emersonti. 
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RED DROP AND ROLE OF AUXILIARY 


PIGMENTS IN PHOTOSYNTHESIS 


R. EMERSON anp E. RABINOWITCH ! 


PHOTOSYNTHESIS Project, BOTANY DEPARTMENT, UNIVERSITY OF 


Noie: When Robert Emerson was killed in a 
plane accident on February 4, 1959, much of the ex- 
perimental material accumulated in his two years 
work on the action spectrum of photosynthesis in the 
far-red region, remained unpublished. He was to 
present these results to the Botanical Congress in 
Montreal in August, 1959. Instead, the following 
paper was presented, prepared on the basis of Emer- 
son's earlier talks and laboratory notes, and after 
consultation with his collaborators, R. V. Chalmers 
and C. Cederstrand. The theoretical discussion of 
the results is my own. The presentation of this paper 
was intended as a memorial to Dr. Emerson; I was 
urged to publish it to give all those working in the 
field access to the results of Emerson’s last, exciting 
results. A paper presented by J. Myers (12) at the 
same meeting provides both confirmation and inter- 
esting expansion of the phenomenon which is becom- 
ing known as the Emerson effect*. In particular, it 
shows that the so-called chromatic transient, as ob- 
served after the replacement of illumination with light 
at 700 me by illumination with a shorter-wave light 
giving the same steady yield of photosynthesis, has 
the same action spectrum as the Emerson effect, i.e., 
suggests a specific role of chlorophyll b—E. RaBino- 
WITCH. 


INTRODUCTION 


From experiments on the action spectrum of photo- 
synthesis (largely by Emerson and co-workers ),. and 
of chlorophyll fluorescence (by French, and Duysens) 
performed up to 1957, an apparently consistent pic- 
ture emerged which could be summarized as follows. 

Photosynthesis is sensitized, in algae of all divi- 
sions (and in the higher plants as well), most effec- 
tively by light quanta absorbed by chlorophyll a. 
Light absorbed by other, accessory pigments (chloro- 
phyll b and c, the phycobilins, and the carotenoids) 
can contribute to photosynthesis with an efficiency 
which is either lower, or, at best, equal to that of the 
light absorbed by chlorophyll a. The efficiency of 
accessory pigments in sensitizing photosynthesis 
closely parallels their efficiency in sensitizing the fluo- 
rescence of chlorophyll a. It is therefore plausible to 
postulate that the contribution of accessory pigments 
to photosynthesis is based on transfer of the light 
energy absorbed by them to chlorophyll a (where it 
can be utilized to produce chlorophyll fluorescence, 
or to sensitize photosynthesis). A mechanism by 


' Received November 2, 1959. 

* Perhaps, it should be called the “second Emerson 
Effect”, the first being the carbon dioxide burst at the 
beginning of the illumination period. 
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which this transfer is likely to occur has been demon- 
strated by physicists (Perrin, Vavilov, Forster, and 
others), and is known as “resonance energy transfer” 
or “inductive resonance.” 

The efficiency of the energy transfer to chlorophyll 
from the several other pigments present in chloroplasts 
must depend mainly on two factors: the intimacy of 
their association, which may involve both spatial close- 
ness and chemical attachment, and the overlapping of 
the fluorescence band of the accessory pigment and 
the absorption band of chlorophyll a (which is the 
measure of resonance between the two pigments). 

If this picture is accepted, it can still be asked 
if the energy supply to chlorophyll a is the main pur- 
pose of the presence of the different accessory pig- 
ments in various photosynthetic organisms, or if some 
of them may have other physiological functions. In 
the case of the phycobilins, found mainly (but not 
only) in deep-water red algae, the energy-collecting 
function appears plausible and may be vital, because 
of the predominance, deep under the sea, of green light 
not effectively absorbed by chlorophyll. This fact, 
and the high efficiency of energy transfer from the 
phycobilins to chlorophyll (80-95%), observed in 
measurements of the action spectrum of chlorophyll 
fluorescence, supports the assumption that energy 
supply is in fact the main raison d'etre of red (and 
blue) pigments in Rhodophyceae. The case of fucox- 
anthol appears similar; this pigment, too, contributes 
significantly to the absorption of submarine light by 
the Phaeophyceae and Bacillariophyceae, and experi- 
ments show a high efficiency of energy transfer from 
it to chlorophyll a. Other carotenoids, particularly 
those found in green plants, contribute very little to 
the total absorption of sunlight, and the efficiency of 
energy transfer from them to chlorophyll a is relative- 
ly low (20-50%). It seems likely that the main 
physiological function of these pigments is different; 
the fact that they contribute excitation energy to 
chlorophyll a may well be merely a physically unavoid- 
able, but physiologically insignificant phenomenon. 

The above-mentioned picture had one dark spot. 
Blinks, Haxo, and Yocum (9) had concluded, from 
measurements of the action spectra of photosynthesis 
in various species of red algae, that the photosynthetic 
efficiency of the light quanta absorbed by the phycobil- 
ins is generally higher; often much higher, than that 
of the light quanta absorbed by chlorophyll a. This 
suggested direct sensitization of photosynthesis by the 
red pigment, without the intermediary of chlorophyll 
a—in contradiction to the above-described picture. 
However, Duysens (3) found that a similar phenome- 
non can be observed also in the excitation of the fluo- 
rescence of chlorophyll a in these algae; it, too, is 
excited more efficiently by light quanta absorbed by 
the phycobilins than by those absorbed by chlorophyll 
a itself. The hypothesis that the accessory pigments 
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contribute to photosynthesis by transferring their ex- 
citation energy to chlorophyll a thus seemed to be 
valid in this case, too; it was, however, paradoxical 
that light absorption by chlorophyll itself appeared 
to produce excited chlorophyll molecules less apt to 
sensitize photosynthesis, or to emit fluorescence, than 
the excited chlorophyll molecules obtained by energy 
transfer from the accessory pigments. 


I. Rep Drop. Emerson decided to investigate 
this paradoxical situation in 1958. The detailed in- 
vestigation of the action spectrum of photosynthesis 
in Porphyridium, made in collaboration with M. Brody 
(1), changed the experimental picture substantially. 
The relative inefficiency of light absorbed by chloro- 
phyll a in red algae proved to be limited to the part 
of the absorption spectrum above 650 m#; while at 
644 me (where the light absorption is divided about 
equally between chlorophyll and phycocyanin), the 
absorbed quanta were found to be generally more ef- 
fective than the 546 mz quanta, absorbed entirely by 
the phycobilins. In the extreme case (that of algae 
adapted to green light, which is absorbed predomi- 
nantly by phycoerythrin), the two efficiencies were 
equal (cf. fig 1). This suggests a situation similar 
to that found in other divisions of algae, where the 
efficiency of the accessory pigments can equal, but 
not exceed, that of chlorophyll. 

It remains to be seen whether a correction similar 
to that brought by M. Brody’s measurements to the 
action spectrum of photosynthesis of red algae, must 
be applied also to the above-mentioned conclusions of 
Duysens et al, concerning the action spectrum of 
chlorophyll a fluorescence in red algae; in other words, 
whether or not the quantum yield of directly excited 
chlorophyll fluorescence also declines in these cells 
only above 650 me. 

The puzzle of the action spectrum of photosynthesis 
in red algae was shifted by M. Brody’s measurements 
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ridium pre-illuminated with green light (solid line) and 
blue light (dashed line). In the first case, the phycobilins 
are about as efficient in sensitizing photosynthesis as 
chlorophyll; in the second case they are only about half 
as effective. There is no significant difference in the 
pigment content of the two samples. [After M. Brody and 
R. Emerson (1) ]. 
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from the alleged low effectiveness of chlorophyll a as 
such, to the low efficiency of light absorbed by chloro- 
phyll a > 650 mz. It seemed significant that this is 
the region where chlorophyll a becomes the only ab- 
sorbing pigment; one had to recall the observation, 
made by Emerson and Lewis (6) in 1943, that in 
Chlorella, too, the quantum yield of photosynthesis 
declines in the extreme red part of the chlorophyll 
absorption band, > 685 m#—the region where the 
absorption by chlorophyll b is likely to be negligible, 
and practically all absorption must be due to chloro- 
phyll a, (cf. fig 2). Emerson therefore conceived a 
working hypothesis, which seemingly ran contrary to 
the above-outlined generally accepted concept. He 
suggested that in order for photosynthesis to proceed 
with maximum efficiency, energy quanta must be con- 
tributed by two pigments: by chlorophyll a, and by 
one of the auxiliary pigments—chlorophyll b in green 
algae, a phycobilin in red algae, etc. 

Although the red drop in the quantum yield of 
photosynthesis of green algae above 680 mz was rather 
conclusively established by the 1943 study, the rapidly 
declining absorptive capacity of the cells in this region 
and their capacity for selective scattering of light on 
the long-wave side of the absorption peak (discovered 
by Latimer (10), cf. fig 3) permitted some doubt as 
to the reality of the drop; it could conceivably have 
been caused by overestimation of the number of quanta 
actually absorbed by chlorophyll in this region. A 
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more precise study of the red drop was therefore un- 
dertaken by Emerson and Chalmers. Preliminary 
results ave been presented in two communications 
to the National Academy of Sciences (5). Some 
speculations on the implications of the findings were 
discussed in a talk (4) before the Phycological So- 
ciety. The main body of results remained unpublished 
at the time of Emerson’s death. 


II]. ENHANCING EFFEcT OF AUXILIARY LIGHT. 
The far-red quantum drop made many people think 
that perhaps in this part of the spectrum, energy 
quanta may be too small to sustain photosynthesis, or 
at least to do so with a good yield. This seemed an 
attractive explanation, despite the fact that spectro- 
scopic theory suggests that within a given electronic 
absorption band, the electronically excited molecules, 
after thermal equilibration with the medium (which 
is likely to be completed, in a condensed medium, be- 
fore the photochemical reaction takes place), must 
have the same vibrational energy distribution, and thus 
also identical reactivity, whatever the specific size of 
the absorbed quantum. 

If insufficient vibrational energy of the electronic- 
ally excited chlorophyll molecules had something to 
do with the red drop, one could expect the quantum 
yield in this spectral region to improve with increas- 
ing temperature. The first experiments of Emerson 
et al (5) were therefore concerned with the effect 
of temperature on the quantum yield in the far red. 
A temperature effect was in fact found, but it had the 
opposite sign from that expected ; the far red light was 
used more effectively at 5° C than at 20° C! (fig 4). 

This finding, which in any case did not support 
the suggested interpretation of the red drop, was not 
further pursued, since another one, obtained at about 
the same time, appeared more exciting, supporting, 
as it did, the interpretation of the drop as indicative 
of the importance, for photosynthesis, of quanta ab- 
sorbed by accessory pigments. This was the find- 
ing (figs 4,5) that the quantum yield of photosyn- 
thesis in far red light can be substantially improved 
by auxiliary illumination with light of shorter wave 
length. The average quantum yield obtained in two 
superimposed beams proved to be substantially higher 
than the average of the quantum yields obtained by 
using the two light beams separately. Since in the 
auxiliary light per se, the yield was the usual one 
(8-12 quanta per molecule of O.), while in the far 
red beam per se it was substandard (20-50 quanta 
per molecule of O,), it was natural to ascribe the 
effect of the mixing of two lights to the improvement 
of the photochemical effectiveness of the quanta of far 
red light by the auxiliary light. (The average quan- 
tum requirement of two combined beams never was 
below the familiar minimum of 8 to 12 quanta. 

The next question was: what was important, the 
size of the quanta of the auxiliary light, or the pigment 
that absorbed them? This required a determination 


of the action spectrum of the auxiliary light, a task 
that proved extremely laborious and time-consuming. 
The method used was to combine far red illumination 
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Fic. 3. Selective scattering of light by Chlorella cell 
suspension, [After P. Latimer and FE. Rabinowitch 
(10) ]. 

Fic. 4. Red drop of quantum yield of photosynthesis 
in Chlorella. Solid line, 5° C; dashed line 20° C; dotted 
line, 20° C with supplementary light of shorter wave- 
length. [After R. Emerson, R. V. Chalmers, and C. 
Cederstrand (5) ]. 

Fic. 5. Proportionality of the rate of photosynthesis 
to light intensity in far-red and auxiliary light. [After 
R. Emerson, R. V. Chalmers, and C. Cederstrand (5) ]. 
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Fic. 6. Effect of monochromatic supplementary light on the yield of photosynthesis in far red light for the 
blue-green alga Anacystis, compared to the fraction of light absorbed by phycocyanin. [After R. Emerson, R. V. 
Chalmers, and C. Cederstrand, unpubl. |. 

Fic. 7. Effect of monochromatic supplementary light on the yield of photosynthesis in far-red light for the 
green alga Chlorella, compared to the fraction of light absorbed in chlorophyll b. [after R. Emerson, R. V. Chal- 
mers, and C. Cederstrand, unpubl. ]. 

Fic. 8. Effect of monochromatic supplementary light on the yield of photosynthesis in far-red light for the 
diatom Navicula, compared to the absorption spectrum of fucoxanthol. [after R. Emerson, R. V. Chalmers, and 
C. Cederstrand, unpubl.]. 

Fic. 9. Effect of monochromatic supplementary light on the yield of photosynthesis for the red alga Porphyridi- 
um, compared to the absorption spectrum of phycoerythrin. [after R. Emerson, R. V. Chalmers, and C. Cederstrand, 
unpubl. }. 
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EMERSON 


of certai: constant intensity with the illumination by 
auxiliary light of an intensity giving, by itself, ap- 
proximately the same amount of photosynthesis. The 
curve showing the yield of combined illumination, 
minus the yield caused by the auxiliary light alone, 
was plotted as function of wave length of the auxiliary 
light, and compared with the curve showing the rela- 
tive proportion of light absorbed, at the same wave- 
lengths, by the auxiliary pigment (or simply with the 
absolute absorption curve of this pigment). 

Figures 6 to 9 show this comparison for algae of 
four divisions, containing phycocyanin, chlorophyll 
b, fucoxanthol, and phycoerythrin as main auxiliary 
pigment. In every case, the action spectrum of sup- 
plementary light is strikingly similar to the (relative 
or absolute) absorption spectrum of the auxiliary 
pigment. 

The chosen method of comparison implied that 
the stimulating effect of auxiliary light on the far- 
red yield is proportional to (or at least, rises mo- 
notonously with) the intensity of the auxiliary light. 
This was checked by experiments with constant in- 
tensity of far-red, and varying intensity of auxiliary 
light. It clearly shows that the effect of auxiliary 
light is by no means a catalytic one [as suggested by 
Warburg (14) for the special case of blue light added 
to light of greater wave lengths], but rises with its 
intensity until it begins to show saturation, in the 
same intensity region where photosynthesis becomes 
light-saturated. 

Considering the uncertainties involved in the cal- 
culation, the parallelism of the curve pairs ‘in figures 
6 to 9 appears striking. It justifies the conclusion 
that the enhancing effect of light of a certain wave- 
length on the yield in the far red parallels the propor- 
tion of light absorbed, at this wavelength, by the main 
auxiliary pigment—chlorophyll b in Chlorella, phyco- 
cyanin in Anacystis, fucoxanthol in Navicula, and 
phycoerythrin in Porphyridium. It seems that the 
far-red quanta, absorbed by chlorophyll a, are most 
effectively supplemented by quanta absorbed by an 
auxiliary pigment, and not by other quanta absorbed 
by chlorophyll a itself. 

Since in an average higher plant a broad band of 
red and orange light, which is absorbed to about 4% 
by chlorophyll b and about 34 by chlorophyll a, can 
produce photosynthesis with full efficiency, it seems 
that quanta absorbed by chlorophyll a at the shorter 





wavelengths do not need supplementation by quanta 
absorbed by other pigments. 

One matter that needs further attention is the ap- 
pearance on figures 6 to 9, of negative effects. If 
confirmed by further experiments, they may mean 
that under certain conditions, combinations of far-red 
light with light of shorter wave lengths may decrease 
rather than increase the total yield (even though the 
experiments were carried out at light intensities far 
below saturation). In this case, it may be that the 
effect is due to decline in the efficiency of the auxiliary 
short-wave light to below the usual value of 8 to 10 
quanta per O, molecule, rather than to a further de- 
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cline in the efficiency of the far-red light. It is very 
likely that the need for balancing the excitation of 
the several pigments present in chloroplasts manifests 
itself in various ways, and not only in the inefficiency 
of far-red light absorbed only by chlorophyll a. 


III. ExperIMENTS ON XANTHOPHYCEAE (HETER- 
OKONTAE). According to data in the literature (13) 
Xanthophyceae contain no chlorophyll b. If Emer- 
son’s hypothesis is correct, they should show no effect 
of supplementary light on the yield in far-red light. 
This was in fact confirmed by experiments with 
Polyedriella. However, measurements of action 
spectra showed that this difference was due to the 
extension of high quantum yields out to 690 m#, and 
not (as was expected) to the drop of the yield > 680 
m# being insensitive to auxiliary light! Since these 
algae were grown in a medium containing organic nu- 
trients, it was suspected that the presence of such nu- 
trients may permit full photosynthetic rate at 690 mz, 
without the aid of supplementary light. Preliminary 
experiments by R. Govindjee suggested that if Polye- 
driella is precipitated from the organic and transfer- 
red into the inorganic medium, and the transfer is re- 
peated several times, the red drop does appear after 
about five transfers. This suggests that Polyedriella 
grown in organic medium may contain a substrate 
(or a catalyst) which permits the cell to utilize light 
at 680 to 690 me with full efficiency, without the help 
of light of shorter wavelengths. 

To test on Polyedriella the theory of chlorophyll b 
absorption as source of the auxiliary light effect on 
the yield in the far red, one would have to make the 
experiment on Polyedriella cultures repeatedly trans- 
ferred into an inorganic medium; and this experi- 
ment has not yet been carried out. 


IV. Errects oF OrGANIC NUTRITION ON RED 
Drop IN CHLORELLA AND PorRPHyRIDIUM. The ob- 
servations on Polyedriella raised the question 


whether the red drop in other algae also could be af- 
fected by organic nutrition. Experiments with 
Chlorella grown in glucose solution showed no 
change, but algae grown in the presence of beef broth 
or earth extract did show a shift of the red drop to 
long wave lengths, (fig 10). 

Because of Myers’ findings in experiments on 
algal growth, it was suspected that vitamin K may be 
a possible active ingredient of broth or earth extract; 
experiments with the addition of this (and other) pure 
organic micronutrients are planned. 

Even considerable alterations in the composition of 
the inorganic growth medium had no effect on the 
red drop in Chlorella. 


V. Errect oF TiME INTERVAL BETWEEN ABSORP- 
TION OF FAR-RED LIGHT AND SUPPLEMENTARY LIGHT. 
In the experiments described above, the experimental 
arrangement was that shown in figure 11. The far- 


red light, isolated by glass filters, entered the mano- 
meter vessel from above, while the auxiliary light 
came from below, usually through a monochromator 
(except in blue-violet light, where filters had to be 
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Fic. 10. Effect of earth extract on the red drop in 
Chlorella. [after R. Emerson and R. Govindjee, unpubl. ]. 


used). In the majority of the experiments, both 
beams were practically completely absorbed. In a 
preliminary experiment, the auxiliary beam was sent 
from below and the far-red light from the side, and 
the enhancing effect was found to be considerably 
smaller. Since in the second arrangement, a cell 
needs less time to get from the bottom layer of the 
vessel, (where it has the greatest chance to absorb 
auxiliary light) into the layer where its chance to 
absorb far-red light is highest, this observation raised 
the possibility that a certain time interval between 
the two absorption acts may favor the effect. This 
suggests experiments in which the two beams would 
be alternated at variable time intervals. 


VI. INTERPRETATION OF RED Drop. Emerson’s 
conclusion that photosynthesis required (or, at least, 
is enhanced by) energy absorption in an auxiliary 
pigment, permits of several hypothetical interpreta- 
tions. The simplest one is to postulate that two (or 
more) different primary photochemical processes are 
involved in photosynthesis, and are preferentially sen- 
sitized by the several pigments. For example, one 
could imagine that photosynthesis requires both 
photoreduction (of CO, or of a substrate derived 
from it, such as a carboxylic acid), and photoxidation 
(of water or a substrate derived from it). One could 
describe essentially the same concept by saying that 
each hydrogen atom (or electron) must be photo- 
activated twice on its path from the ultimate donor, 
water, to the ultimate acceptor, carbon dioxide, and 
that each of these two steps is preferentially sensitized 
by one or the other of the pigments. To use a con- 
crete example, one could imagine a mechanism of the 
following type: 


hy 
I. Chla+ H,O >» O, + r Chla 
hp 


Il. Chl b + CO, — 4 CH,O > + o Chi b 
Ill. o Chl b + r Chla — Chl b + Chla 
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—chlorophyll a serving preferentially as photo xidant 
and chlorophyll b (or another auxiliary p: -ment) 
preferentially as photoreductant (or vice vers.), and 
a dark reaction, III, between the reduced «11d the 
oxidized pigment restoring the original systein. (| 
say “preferentially” because in the steady st:te, re. 
actions I and II must proceed at the same rate: if only 
Chl b could sensitize reaction II, the maximum yield 
could be obtained only in light absorbed to ove-half 
by chlorophyll b, and one-half by chlorophyll! a, and 
not in a broad red-orange band absorbed to only one- 
fourth by the b component. ) 

The above interpretation of Emerson’s findings 
is made unlikely, if not impossible, by the evidence, 
derived from fluorescence experiments, that of the 
quanta absorbed by chlorophyll b (as well as by 
phycobilins, or fucoxanthol), a very large fraction is 
transferred to chlorophyll a by resonance. This evi- 
dence is not as precise as could be desired, and the 
relevant experiments need to be repeated with im- 
proved techniques; but on the whole, they seem con- 
vincing. 

It would be very difficult to explain the approxi- 
mate equality of the quantum yields of fluorescence of 
chlorophyll a when excited by light absorbed by this 
pigment itself and when excited by light absorbed by 
chlorophyll b (or fucoxanthol) without assuming 
that most of the quanta absorbed by these auxiliary 
pigments are transferred to chlorophyll a. (True, the 
actual fluorescence yield is only, < 3%, but it isa 
reliable index of what happens to the totality of the 
absorbed quanta). 

An alternative interpretation of Emerson’s results 
is to begin with the fact that most of the quanta ab- 
sorbed by the auxiliary pigments are transferred to 
chlorophyll a, and thus cannot produce directly any 
specific photochemical effects. Instead, chlorophyll 
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Fic. 12. Order of energy levels in fluorescent and 
non-fluorescent forms of chlorophyll. (Lowest ' a7 level, 
S, higher ! ar level, S; * arr level is T.) 

Fic. 13. Possible shapes of the absorption curves of 
chlorophyll in the fluorescent state (dashed line) and in 
the non-fluorescent state (solid line). In the first case, 
the n q band lies on the short-wave side of the main g7r 
band; in the second case, it lies on its long-wave side, 
providing a possible explanation of the red drop. 


a, carrying the transferred quanta, must be postulated 
to bring about preferentially a primary photochemical 
process different from the one caused (preferentially ) 
by the long-wave quanta absorbed by chlorophyll a 
itself. To make this plausible, one could postulate, 
for example, the existence of two types of chloro- 
phyll a complexes in the cell, e.g., such associated 
with a reductant and such associated with an oxidant, 
and assume that one of these two types is closer to the 
auxiliary pigment than the other. 

Somewhat awkward is the necessity to postulate 
equal fluorescence yield of both types. Livingston 
(11) has shown how different is, for example, the 
fluorescence of chlorophyll associated with polar 
molecules (water, alcohol, amines) from that of 
chlorophyll surrounded exclusively by non-polar lipoid 
molecules. The fluorescence efficiency is generally 
determined by competition between the radiative 
transfer from the fluorescent (excited singlet) state 
to the ground singlet state, and the non-radiative 
transfer to the metastable triplet state (fig 12). It 
has been often postulated that the photochemical 
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process is initiated by long-lived molecules in the 
triplet state; this explains why it often does not com- 
pete with fluorescence, i.e., why the substrate of the 
photochemical reaction often does not quench fluores- 
cence. (This does not mean that photochemical 
processes cannot be initiated by the S*-state—in which 
case the substrate will quench the fluorescence). 

The result of the competition between the processes 
S* > S and § > T in figure 12 can be strongly af- 
fected by the presence of a third, (so-called n 7) 
excited state. If this state is located between the 
S*-and the T-state, its presence catalyzes the conver- 
sion to triplet, and thus reduces or altogether quenches 
fluorescence. If the n 7-state is located above the 
S*-state, it has no such effect. This is the presently 
accepted explanation of the enhancing effect of polar 
molecules on the fluorescence of chlorophyll: the 
proximity of polar molecules shifts the n 7-state up- 
wards and the S*-state downwards, thus favoring 
fluorescence. In the hypothesis we are now consider- 
ing, the two forms of chlorophyll complexes must both 
belong to the same, fluorescent type. 

Franck (7) suggested a different interpretation. 
In it, the two kinds of chlorophyll involved in photo- 
synthesis are a non-fluorescent form, in which the 
excited molecules in the S*-state are instantaneously 
converted, via the n 77-state, into metastable molecules 
T; and a fluorescent kind, which permits the S*-state 
to survive long enough either to fluoresce, or to mi- 
grate, by resonance, through a sequence of chloro- 
phyll molecules, until transferred to a molecule already 
in the T-state, raising it into an excited triplet state, ° 
T*. The latter has an energy content so high as to 
permit direct sensitization of an electron (or hydro- 
gen) transfer from H,O to RCOOH (or their equiv- 
alents on the energy scale). 

Absorption on the long-wave side of the main ab- 
sorption peak, > 690 ms, is suggested, in Franck’s 
theory, to be due predominantly to n 7 transitions in 
the non-fluorescent state (fig 13) it therefore pro- 
duces predominantly T-molecules, which alone cannot 
bring about photosynthesis. Absorption in the main 
band, 650 to 690 mz, on the other hand, excites both 
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Fic. 14. Differential spectra of young and old cul- 
tures of Euglena suggesting the existence in vivo of a 
chlorophyll form with absorption peak at 695 mz [after 
C. S. French (8) ]. 








484 


types of chlorophyll. Depending on their ratio, it 
can either produce about equal numbers of S* and T- 
molecules, and thus ultimately, a large number of 
T*-molecules and a high yield of photosynthesis (as 
in Chlorella), or predominantly T-molecules, and 
thus a low yield of chlorophyll fluorescence and photo- 
synthesis (as in Porphyridium). Finally, (develop- 
ing Franck’s interpretation so as to fit M. Brody’s 
findings), one can suggest that absorption at 640 to 
650 m# could excite predominantly the fluorescent 
species (in which the absorption on the short-wave 
side of the main peak is reinforced by the n 7-transi- 
tion!), and thus give, in all cells, a high yield of 
fluorescence and of photosynthesis. 

It is to be noted that under no condition is there 
a danger of shortage of molecules in the T-state, since 
even in the extreme case of exclusive excitation of 
fluorescent molecules, the transition S* > T is the 
most likely fate of each S*-molecule, unless enough 
T-molecules have accumulated for the transition S* 
+ T > S + T* to become equally likely. 

Another note: as Franck pointed out, similar ki- 
netic relationships can be derived also by considering, 
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Fic. 16. Fluorescence spectra of chlorophyll a solutions in ethanol. 


Fluorescence spectrum of Chlorella at room temperature (dashed line) and at —193° C. 
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instead of a double excitation leading to the T* tate, 
two separate primary photochemical processe one 
sensitized by molecules in the S*-state and one -ensj- 
tized by molecules in the T-state, with the fuli . uan- 
tum yield being only possible if the rates of th» two 
processes are equal. 

The assumption that there are (at least) tw« dif- 
ferent kinds of chlorophyll in the chloroplasts im oses 
itself quite independently from Franck’s inge: ious 
hypothesis. The width of the red band in vivo «lone 
suggests it (Duysens, personal communication), 
The analysis of the shape of the absorption band by 
French (8) provides quantitative evidence thai the 
red band has a complex nature, and that its comiposi- 
tion varies from species to species. One minor )and, 
found in the absorption spectrum of some cells by 
French, has a peak at about 695 mz, and could thus 
qualify as the band responsible for the drop in quan- 
tum yield of photosynthesis in Chlorella > 685 ma 
(fig 14) ; it may be the n 7 band of the non-fluores- 
cent chlorophyll component postulated by Franck. 

However, French also noted (in Euglena cells) a 
fluorescence band at 705 m#, which he associated 
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with the 695 m# absorption band. S. Brody (2) 
found « fluorescence band in the same position in 
low-temperature (liquid air) fluorescence spectrums 
of Chlorella (fig 15), and of concentrated (but not 
of diluted!) chlorophyll solutions (fig 16), and at- 
tributed it to dimeric (or higher polymeric) chloro- 
phyll molecules. There is no doubt that chlorophyll, 
similarly to other dyes, does dimerize in concentrated 
solutions. From concentration quenching data, 
Weber (personal communication) calculated a di- 
merization constant of 4.5 for chlorophyll a in ether, 
which implies about 3% dimerization at 10~? m/1. 
The proportion of dimers may increase considerably 
at low temperature, and it is not implausible that 
dimeric molecules, non-fluorescent at room tempera- 
ture, may become fluorescent at —190° C. To what 
extent dimerization can be expected to occur in 
chlorophyll in vivo, which is probably adsorbed on 
protein as a monomolecular layer, is uncertain. Brody 
suggested that the red drop in the action spectrum of 
photosynthesis is caused by dimers (or higher poly- 
mers) with an absorption band at 695 m#; and that 
the much earlier drop in red algae could be explained 
by the same dimers being present in a much higher 
proportion. 

Whatever specific hypothesis would be supported 
by future studies, it is highly plausible that the red 
drop is associated with the existence of several forms 
of chlorophyll a in vivo, and with the incapacity of 
one of these forms (or, to be more cautious, of one 
absorption band of this form) to sensitize photo- 
synthesis with full maximum quantum yield; the en- 
hancing effect of light absorbed by other pigments is 
most probably due to the preferential transfer of 
excitation energy from these pigments to another 
more active form of chlorophyll a. 


SUMMARY 


The enhancement of the quantum yield of photo- 
synthesis in far red light (>680 me) by auxiliary 
light of shorter wavelengths is measured as a function 
of the wavelength of auxiliary light, for green 
(Chlorella), brown (Navicula), red (Porphyridium), 
and blue-green algae (Anacystis). The resulting 
“action spectra of the Emerson effect” show sharp 
peaks in the regions where the contribution of auxilia- 
ry pigments (chlorophyll b in Chlorella, chlorophyll c, 
and fucoxanthol in Navicula, phycoerythrin in Por- 
phyridium, phycocyanin in Anacystis) to total light 
absorption is highest. This appears offhand as evi- 
dence that excitation of chlorophyll a alone is insuffi- 
cient to produce photosynthesis (at least, not with a 
high yield), and simultaneous excitation of one of the 
auxiliary pigments is needed. However, the high 
yield of chlorophyll fluorescence in vivo sensitized 
by auxiliary pigments contradicts this interpretation, 
since it suggests highly efficient transfer of excita- 
tion energy from auxiliary pigments to chlorophyll a. 
A solution can be sought in the assumption of (at 


least) two different forms of chlorophyll a, which 
need to be excited to produce photosynthesis. Only 
one is excited by far red light, the other can be excited 
either directly, e.g., by near red light, or indirectly, 
by energy transfer from the auxiliary pigments. 
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EFFECTS OF GIBBERELLIN, KINETIN, THIOUREA, AND 


PHOTOMORPHOGENIC 


RADIATION ON MITOTIC ACTIVITY IN DORMANT LETTUCE SEED: 
ALAN H. HABER anp HELEN J. LUIPPOLD 


BIoLocy 


Lettuce seed germination can be stimulated, prob- 
ably by distinct mechanisms, by any of the three 
widely studied morphogenic agents: gibberellin, kine- 
tin, or red light (11). It has been shown that cellular 
expansion is both necessary and sufficient and that 
cell division is neither necessary nor sufficient for 
the initiation of lettuce seed germination (8). Thus 
it is now possible to study the effects of germination- 
stimulating agents on mitotic activity in embryos un- 
complicated by germination and growth from expan- 
sion. In this paper, mitotic activity as it is affected 
by gibberellic acid (GA), kinetin, and light, as well 
as by thiourea, which also stimulates germination of 
lettuce seed (28), is studied. 


MATERIALS AND METHODS 


Seeds (achenes) of lettuce (Lactuca sativa L., var. 
New York) were sown on filter papers moistened with 
appropriate solutions at pH 5.7 as previously described 
(8). Unless otherwise indicated, the Petri dishes 
were placed in closed copper sterilization cans that 
were submerged in a constant-temperature water bath. 
The seeds were thus in continuous darkness. Seeds 
given light treatments were similarly sown in dishes 
set upon a Cold-Cel truck plate with refrigeration 
coils through which water was circulated from a 50 
gal, constant-temperature water bath. The tempera- 
ture within the Petri dishes was thus maintained at 
approximately 31.5° C under the light filters here- 
after described. The dishes were enclosed in wooden 
frames with windows consisting of light filters through 
which light shone from above. The light source 
was a multiple water-cooled refluxing lamp unit (33). 
Seven 150-watt incandescent reflector flood bulbs 
shone down through 6 cm of water. The red-light 
filter system was a Corning No. 2403 polished filter 
and a Plexiglas filter containing a 2 cm thick layer 
of CuSO, - 5H.O (50 g per liter) plus 0.5 % H.SQ,. 
The far-red filter system was a Corning No. 7-69 
molded filter and a similar Plexiglas filter containing 
a layer of water 2 cm thick. The red filter system 
transmits light from 625 to 680 maz, with a peak near 
650 me. The far-red filter system (which has a total 
of 8 cm of water, including the water in the light 
source) transmits radiation from 710 to 1,150 maz, 


1 Received November 5, 1959. 
2 Operated by Union Carbide Corporation for the 
U. S. Atomic Energy Commission. 
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with a peak near 820 m#. Transmission at 740 my is 
58 % that of the peak transmission. Transniission 
spectra of the individual components can be found in 
the following sources: Filters Nos. 2403 and 7-69, 
color filters catalog available from Corning Glass 
Works, Optical Sales Department, Corning, N. Y,: 
copper sulfate solution from Withrow and Price (34), 
and water from Curcio and Petty (3). The seeds 
received 1 and 57 microwatts/mm? of radiant energy 
under the red and the far-red filter systems, respec- 
tively. These light treatments were given continu. 
ously from the beginning of imbibition. 

The criterion of germination was visual detection 
of radicle protrusion. Radicles (1-2 mm) from non- 
germinated seeds were excised and prepared as de- 
scribed previously (8). The apical 0.5 mm was ex- 
amined for mitotic activity. An entire dish of seeds 
was sampled at one time for germination percentages 
and mitotic activity in nongerminated seeds. Once 
sampled, the dish was removed from the experiment. 

Respiratory rates were determined by placing 50 
seeds in 1.2 ml of solution in the main compartment 
of Warburg flasks. We placed 0.2 ml of 20% KOH 
and a fluted piece of filter paper in the center well to 
measure oxygen consumption by the direct method 
(32). 

The term “germination” is used here in the physio- 
logic sense of Toole et al (30): “. .. the start of 
germination depends upon coupling of respiration to 
growth.” Accordingly, seeds that undergo mitotic 
activity without expansion of the embryo are not 
designated as germinated. When an embryo under- 
goes visible expansion (apart from water imbibition) 
the seeds would be designated as germinated, even if 
mitosis had not yet begun. 


RESULTS 


ErFects oF GA, KINETIN, AND THIOUREA ON 
Mitosis at 37°C: To be meaningful, studies on 
germination and on mitosis in nongerminated seeds 
should be conducted under identical experimental 
conditions. Also, there should be no bias from sam- 
pling dissimilar populations of nongerminated seeds. 
We have found these conditions can be satisfied for 
studies with kinetin and thiourea by incubating the 
seeds at 37° C in darkness. Both kinetin and thiourea 
stimulate germination under these conditions (fig 1). 
The inability of GA to stimulate germination confirms 
an earlier observation that GA is ineffective in break- 
ing thermodormancy of lettuce seed (11). After 1 
day, however, none of the seeds had germinated in any 
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TABLE I 


EFFEcts OF GERMINATION-STIMULATING CHEMICALS ON Mitotic Activity IN NONGERMINATED 
Seeps AFTER 1 Day at 37° C 1n DARKNESS 








No. OF RADICLES 











No. oF 
eee See ConTROL GA* KINETIN* THIOUREA* 
0 63 64 45 64 
1 1 9 1 
2 1 5 
3 1 SK 
4 1 1 
5 1 
6 1 
7 1 
8 
9 ae 
10 1 
>10 
Total No. radicles examined 65 65 65 65 
Total No. mitotic figures 
observed 3 4 54 | 
Radicles with one or more 
mitotic figures (%) 3.1** 1.5 30.8** IS 





* Concentrations given in figure 1. 


** Difference significant at level of P = 1074. 


of the treatments. Consequently, seeds could be 
sampled at this time from all treatments for examina- 
tion of mitotic activity uncomplicated by growth from 
expansion. After 2 days, none of the seeds had ger- 
minated in water or GA, and the germination per- 
centages in kinetin and thiourea were only 0.8 and 
5%, respectively. Thus, after 2 days, these non- 
germinated seeds could be sampled from the different 
chemical treatments with very little sampling bias re- 
sulting from the germination. After incubation for 
either 1 or 2 days, 65 radicles were excised from the 
nongerminated seeds in each treatment for examina- 
tion of mitotic activity (tables I, II). For each 
chemical treatment, the distribution of mitotic figures 
among the radicles deviated from randomness, with 
avery great discrepancy between the observed number 
of radicles having no mitotic figures and the number 
expected from the Poisson distribution having the 
same mean number of mitotic figures per radicle. 
These comparisons, which are given only for the water 
controls in table II, confirm previous results dis- 
cussed elsewhere (8). For our present purpose, this 
particular aspect of the deviation from randomness 
permits the application of contingency tests of the sig- 
nificance of differences (26) in mitotic activity be- 
tween treatments by comparing the numbers of radi- 
cles having one or more mitotic figures detected. 

It is apparent that mitotic activity is greater in 
kinetin than in water in the nongerminated seeds after 
either 1 or 2 days at 37° C in darkness. The kinetin 








treatment resulted not only in increased mitosis but 
also in increased cell division inasmuch as no binucle- 
ate cells were observed. 

GA had no effect on mitotic activity after either 
1 or 2 days. After 2 days mitotic activity was in- 
hibited by thiourea. Since thiourea inhibits mitotic 
activity in this experiment even though it stimulates 
germination, we conclude that thiourea is an inhibitor 
of mitosis in these seeds where mitosis is uncompli- 
cated by growth by expansion. Before concluding 
definitely that kinetin is a true cell-division factor 
and that GA can stimulate germination without direct- 
ly stimulating mitosis, it is necessary to rule out the 
alternative explanations considered in each of the 
following three subsections. 


StuprEs OF ACTION OF KINETIN AT HicH TEmM- 
PERATURE: Sufficiently high temperatures can in- 
hibit germination (2) or mitosis in nongerminated 
seeds (8). Accordingly, the actions of kinetin on 
mitosis (tables I and II) and germination (fig 1) in 
seeds at superoptimal temperatures could conceivably 
result from a general protection against high-tempera- 
ture effects; if so, then the kinetin effects would not 
necessarily result from more-direct actions upon 
either germination or mitosis. This possibility has 
been tested in two types of experiments. First, we 
gave seeds various high-temperature treatments de- 
signed to prevent subsequent germination under con- 
tinuous white light at 26° C. The results of one ex- 
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TABLE II 


EFFECTS OF GERMINATION-STIMULATING CHEMICALS ON Murtotic ACTIVITY IN 
NONGERMINATED SEEDS AFTER 2 Days aT 37° C IN DARKNESS 























No. oF No. OF RADICLES Porsson 
MITOTIC ETRE es DISTRIBUTIO 
FIGURES CONTROL GA* KINETIN* THIOUREA* (REFERS TO CON*®ROL) 
0 38 38 9 61 0.5 
1 4 3 3 2 2.4 
2 2 2 4 5.9 
3 Ses 5 | 9.6 
4 1 4 4 M7 
5 4 1 4 11.4 
6 1 1 9.3 
7 1 Saty : aes 6.4 
8 1 3 y 1 3.9 
9 aan Pate 2 y 8 
10 2 2 3 1.0 
11 ome 1 rs 0.5 
12 1 2 1 0.2 
13 1 are 2 0.1 
14 1 1 
15 
16 1 3 
17 1 oe 
18 1 1 
19 1 1 1 
20 1 
21-22 1 cia 1 
23-24 1 1 1 
25-26 om 1 2 
27-28 1 wee 1 
29-30 1 1 1 
31-35 1 1 
36-40 1 2 
41-50 ; 1 ma 
51-60 1 z 
61-70 Ree 
71-80 1 
81-90 2 
91-100 1 
>100 
Total No. of 
radicles 
examined 65 65 65 65 65 
Total No. of 
mitotic figures 
observed 317 351 1,028 13 317 
Radicles with 
1 or more 
mitotic figures 
(%) 41.54 41.58 86.28 6.24 
* Concentrations given in figure 1. 
4» 8 Pairs of figures with the same symbols significantly different from each other, P = 10-4. The kinetin data 


are compared with the GA data rather than with the control data to avoid using the same observations for two 


different tests of significance. 





See table I for comparison between kinetin and control treatments. 
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Fic. 1 (Top). Effects of GA, kinetin, and thiourea 
on germination at 37° C in darkness. ©, Water controls; 
O, 3 x 10-*M GA; @, 10-5M kinetin; and A, 
3 x 10~-2M thiourea. Each point represents the germi- 
nation percentage of an independent sample of 120 seeds. 

Fic. 2 (Bottom). Effects of GA and light on germi- 
nation at 31.5° C. ©, Far-red; @, red; and [,, far-red 
+3 x 10-4M GA. Each point represents the germi- 
nation percentage of an independent sample of 88 to 94 
seeds. 


periment are given in table III. Seeds germinated 
directly gave 95 % germination, whereas seeds first 
kept 6 hours at 45°C gave only 21% germination 
under the same conditions of continuous lighting at 
26° C. Incubation in various concentrations of kine- 
tin during the 6 hours at 45° C, however, did not sig- 
nificantly protect against the deleterious effect of 
the high-temperature treatment. These data suggest 
that kinetin does not generally increase tolerance of 
the seeds to high-temperature stress. Consequently, 
its effects on increasing mitotic activity in nonger- 
minated seeds at 37° C should be regarded as a true 
acceleration of mitosis. Similarly, the effect of kine- 
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tin on germination at superoptimal temperatures 
should be regarded as a true breaking of thermodor- 
mancy rather than a protection of the germination 
mechanism against heat damage. A similar conclu- 
sion is also suggested by studies of the respiratory 
rates of seeds at 37°C in water or in kinetin. As 
shown in table IV, the respiratory rate per seed, which 
is a general indication of over-all metabolic activity, 
is unaffected by kinetin treatments which stimulate 
germination. Although all experiments were per- 
formed with the same batch of seeds, those cited in 
tables III and IV were done about 9 and 11 months, 
respectively, before the other experiments cited in this 
paper. The somewhat better germination rate of the 
kinetin-treated seeds (table IV compared with that 
shown in fig 1) may possibly be related to this and 
to other differences of experimental method necessi- 
tated by the manometric techniques. 


SYNERGISTIC ACTION OF GA wITH EITHER KINE- 
TIN OR THIOUREA AT HiGH TEMPERATURE: The re- 
sults given in tables I and II might suggest that GA 
generally has no effect on mitosis in seeds when such 
mitosis occurs without growth by expansion. Since 
treatment with GA alone also fails to allow any ger- 
mination at this temperature (fig 1), the possibility 
remains that GA loses all its activity at the high tem- 
perature. Accordingly, the data in tables I and II 
in themselves do not permit the conclusion that GA 
has no direct effect on mitotic activity under those 
conditions for which it might still be active with re- 
spect to germination. The experiment summarized 
in table V confirms the ineffectiveness of GA alone 
to stimulate germination at high temperature. How- 
ever, GA does retain the capacity to stimulate germi- 
nation in the presence of either kinetin or thiourea. 


TABLE III 


EFFect oF KINETIN ON HIGH-TEMPERATURE-INACTIVATION 
oF Letruce SEED GERMINATION 








KINETIN MOLARITY SUBSEQUENT 


mee DURING HIGH-TEMP No. SEEDS GERMINATION 
TREATMENT* aT 26° C*¥* 

(%) 

0 ace 240 95.4 

6 0 579 21.2 

6 3 ss. tor* 264 26.1 

6 107-5 272 26.5 

6 3 «35-5 134 13.4 

6 10-4 285 21.4 





* Batches of approximately 130 to 140 seeds were sown 
on one piece of filter paper moistened with 5 ml of appro- 
priate solution in the bottom of 250 ml Erlenmeyer flasks. 
The opening of the flask was covered with Parafilm, and 
the main body of the flask was submerged in a 45°C 
water bath. 

** After exactly 6 hours, seeds were washed out of 
each flask into a cheesecloth bag and repeatedly washed 
with distilled water. The seeds were then transferred 
to 9 cm Petri dishes containing one piece of filter paper 
moistened with 3.5 ml of water. Germination percent- 
ages were determined after 3 days at 26° C under con- 
tinuous white light of 15 ft-c. 
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TABLE IV 


EFFect OF KINETIN ON RESPIRATION AND 
GERMINATION AT 37°C 


























Trme* Qo, (Micro.iters/50 sEEDs**) 
(HOURS) Warer CONTROLS 5 x 10-5M Krnetin 
3-4 36.4 38.8 
39.7 37.5 
32.4 36.0 
35.2 39.8 
average 35.9 average 38.0 
4-5 36.4 42.2 
33.1 35.9 
38.9 37.6 
46.4 35.2 
average 38.7 average 37.7 
5-6 36.4 38.8 
34.7 39.1 
38.9 40.9 
32.0 35.2 
average 35.5 average 38.5 
6-7 38.0 43.9 
41.3 45.6 
42.1 45.8 
49.6 41.3 
average 42.8 average 44.2 
Germination 
(% ) #e* 0.0 32.5 





* Time from beginning of imbibition in Warburg flasks 
at 37°C 


** Each entry represents a single flask containing 50 
seeds. 

*** Percentages refer to germination after 2 days for 
the 200 seeds in each treatment. Germination in kinetin 
had begun by 24 hours in this experiment. 


At the very high temperature GA is effective under 
conditions (i.e., in the presence of either kinetin or 
thiourea) where some germination is possible in its 
absence. This is in contrast to the data of table IT 
which show that GA did not affect the mitotic activity 
in the nongerminating seeds. These considerations 
therefore favor the conclusion that the failure of GA 
to affect mitotic activity at 37° C (tables I and IT) 
cannot be related to its incapacity to stimulate germi- 
nation at 37°C. If so, we should expect GA to have 
no effect on mitosis in nongerminated seeds under 
conditions for which treatment with GA alone does 
significantly stimulate germination. The results of 
the next subsection will indicate that this is correct. 


Errects 0F GA AND PHOTOMORPHOGENIC RADIA- 
TION ON Mirosts at 31.5°C: A temperature of 
31.5° C permits experiments with GA and light an- 
alogous to those with kinetin and thiourea described 
in the first subsection and summarized in figure 1 and 
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tables I and II. As can be seen from figure —. ger- 
mination in water is negligible at 31.5° C unde» con- 
tinuous far-red light. However, treatment wii GA 
stimulates germination under the same conditions of 
temperature and far-red lighting. Similarly. con- 
tinuous exposure to red light permits germinat 


mn of 
seeds in water. We examined 50 radicles fror: non- 
germinated seeds after 1, 2, or 3 days for each of the 


three treatments : red, far-red, or far-red plus G-\ (see 
table VI). In each of the three treatments, con- 
tingency tests showed there was no significant ciffer- 
ence in the occurrence of radicles having one or more 
mitotic figures detected after 1, 2, or 3 days. Con- 
sequently, the data for each of the three time periods 
are combined within any one treatment at the bottom 
of table VI. There are no significant differences 
in mitotic activity that can be attributed to treatment 
with GA or to the different light conditions. These 
results show that GA has no direct effect on mitotic 
activity even at a temperature where it stimulates 
germination. Similarly, red and far-red light treat- 
ments, which have such different effects on germina- 
tion, do not give significantly different results on 
mitotic activity in nongerminated seeds. After only 
1 day under far-red light at 31.5° C, seeds in 107° M 
kinetin or 3 X 1072M thiourea gave 28 and 12% 
germination, respectively. 


DISCUSSION 


VALIDITY oF CoNCLUSIONS DRAWN FROM Ob- 
SERVATION OF Mitotic Ficures: In general, conclu- 
sions on the effect of any given treatment on mitosis 
that are drawn from numbers of mitotic figures ob- 
served may be open to any of the following criticisms: 
A. Detection of increased numbers of mitotic figures 
for a given treatment may not necessarily result from 
a stimulation of greater numbers of cells to undergo 
mitosis but rather from an effect on the time course 


TABLE V 


Synercistic Action oF GA WitH EITHER KINETIN OR 
THIOUREA ON GERMINATION AT 37.5° C 











SUPPLEMENT* No. SEEDS GERMINATION** 
ia aie (%) 
None 195*** 0.0 
GA 183*** 0.0 
Kinetin 453+ 8.24 
Kinetin + GA 464+ 19.44 
Thiourea 465+ 2.88 
Thiourea + GA 462+ 13.68 





* Concentrations as in figure 1. 

** After 3 days at 37.5° C in darkness. 

*** From two dishes of approximately 90 to 100 seeds 
each. 

+ From five dishes of approximately 90 to 100 seeds 
each. 

4» B Pairs of figures with the same symbols significantly 
different from each other, P = 107 
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of the mitotic cycle. B. Increased numbers of mi- 
totic figures may not result from a given treatment, 
hut may rather result from biological variability in 
which some organisms sampled have either a vigor- 
ous extent of cell division or are undergoing a wave 
of cell division at the time of fixation. C. Treat- 
ments with growth-regulating agents that seem to 
affect the mitotic ratio may do so by altering the 
growth pattern of the tissue so that cells examined 
after different treatments may not have come from 
equivalent or comparabie morphological regions. The 
conclusions presented here are not invalidated by the 
first two criticisms since the pattern of deviation from 
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randomness in the detection of mitotic figures permits 
the application of contingency tests on the basis of 
radicles having some mitosis vs. no detected mitosis. 
Moreover, the large numbers of individual radicles 
examined tend to minimize the second criticism if the 
total numbers of mitotic figures observed among all 
radicles examined in one given treatment are con- 
sidered. The third criticism does not apply because 
all radicles examined were excised from nongermi- 
nated seeds; consequently, no total enlargement had 
occurred. Moreover, the data are not expressed as 
mitotic ratios but as numbers of mitotic figures de- 
tected per radicle. 


TABLE VI 


Errects oF Licht AND GA on Mitotic Activity Iv NONGERMINATED SEEDS AT 3:5? 'C 








NUMBERS OF RADICLES 





























5 ~'FAR-RED + 
No. OF TREATMENT —> Rep FAR-RED 3 x 10-*M GA 
MITOTIC —— _ 
FIGURES DAYS — 1 2 3 1 2 3 1 2 3 
0 21 35 34 29 34 32 36 34 35 
l 7 6 5 10 6 2 4 2 7 
2 5 1 eo 3 4 y. 1 1 2 
3 6 Z 2 4 2 3 3 1 
4 : 2 eats 1 1 3 2 2 
5 1 1 2 
6 1 2 ae Pe 2 1 
7 ea 2 i a 1 ane 
8 2 1 ok 1 1 
9 1 1 4 1 
10 Z 
11 1 Lae 1 1 
12 1 ieee 1 1 
3 1 1 
14 sbova wie 
15 1 Z 
16 2? oo 
17 1 — 1 
18 1 etoia 
19 1 stlgiid 
20 1 1 
21 1 ae 
22 1 1 1 
23 
24 
25 
26 1 
>26 
Total No. of radicles 
examined 50 50 50 50 50 50 50 50 50 
Total No. of 
mitotic figures 
observed 308 255 276 
Radicles with 1 or 
more mitotic figures 
(%) 40.0 36.7 30.0 
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FurtTHER Evipence Tuat Ceti Division AND 
Cet. Expansion Are Init1atep By DIFFERENT 
MECHANISMS DURING GERMINATION: We previous- 
ly concluded that cell division and cell expansion were 
initiated by different mechanisms during germination 
(8). If this is so, we may predict that there should 
be no necessary and general relation between the 
activity of any particular treatment on germination 
and its activity on mitosis in the absence of germina- 
tion. Of the four germination-stimulating agents 
studied in this paper, only kinetin also stimulated 
mitosis in nongerminated seeds; GA or red light had 
no effect on such mitosis, and thiourea inhibited it. 
Thus these results amply confirm that cell division 
and the initiation of germination by cell expansion 
are controlled by different mechanisms during germi- 
nation. 


Wuat 1s Dormancy? Table IV shows that the 
effect of kinetin on breaking thermodormancy was un- 
accompanied by any readily discernable difference in 
oxygen consumption. In similar studies on the dor- 
mancy resulting from y-irradiation of lettuce seed, it 
was found that GA or kinetin (which produced 15- 
fold or 20-fold increases in germination percentages, 
resp., compared to water controls) gave no difference 
in oxygen consumption per seed until root growth was 
visible (9). Similarly, although white light gave a 
28-fold greater germination percentage of Grand 
Rapids lettuce seeds than far-red light, the fixation 
of C'* from externally supplied radioactive bicarbo- 
nate into the alcohol- and water-soluble fraction was 
not significantly different under the two light condi- 
tions (12). Although other investigators have re- 
ported some changes in oxygen consumption per seed 
resulting from light treatments known to affect dor- 
mancy (5, 13, 15), our results suggest that the break- 
ing of dormancy is not generally related to gross 
metabolic alterations until after root growth has be- 
gun. Long before growth begins, lettuce seeds couple 
energy to endergonic metabolic processes (12). Ac- 
cordingly, it is not surprising that the metabolism of 
dormant seeds can be sufficient to sustain mitotic 
activity and that such activity can be modified by 
some growth-regulating chemicals (e.g., kinetin or 
thiourea). It would therefore seem that dormancy 
in seeds is not generally related either to a significant 
depression of over-all metabolism or to a block pre- 
venting cellular division. Because the term “dor- 
mancy” connotes a relatively inactive metabolism and 
a cessation of all processes concomitant to growth, it 
may be an inappropriate term for describing the phy- 
siologic state of seeds prevented from germinating 
by withholding morphogenic stimuli (e.g. red light, 
GA, etc.) under otherwise favorable conditions. 
These considerations lead to the conclusion that the 
definitive characteristic of dormancy in seeds is a 
subtle block that specifically prevents the initiation 
of cellular expansion. If thiourea generally inhibits 
mitosis (see p. 493), then the breaking of dormancy in 
potato tubers by thiourea (4) must similarly be re- 
lated to an initial stimulation of growth by cellular 
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expansion and not to cell division. Thus the defini. 
tive characteristic of dormancy in seeds may | ossibly 
be the definitive characteristic of dormancy in :-eneral, 


GIBBERELLIN AND Mitosis: Whereas _pevioys 
studies showed that the action of GA in break :ng let. 
tuce seed dormancy must be attributed to an activa. 
tion of cell expansion (8), our present findings ‘urther 
suggest that GA does not generally influence «rowth 
by directly affecting mitotic activity. It should be 
remembered that the mitotic activity studied here 
occurred in the radicle, the first organ to grow during 
lettuce seed germination. Gamma-irradiated wheat 
can provide a system for growth studies complemen- 
tary to those studied here, i.e., growth can occur by 
cellular expansion in the absence of any cell division 
(10). In such a system, GA was found to give 
typical effects on seedling growth (10). Considera- 
tions of growth as a function of radiation dose further 
suggested that the increased growth induced by GA 
in unirradiated young wheat seedlings can be attribu- 
ted largely or entirely to a direct effect on cell ex- 
pansion rather than a direct effect on cell division 
(10). Thus the experiments performed on the two 
complementary systems (lettuce seeds in which cell 
division occurs in the absence of growth by cell ex- 
pansion and irradiated wheat in which seedling growth 
by cell expansion occurs in the absence of cell divi- 
sion) suggest a single consistent theory. The growth- 
stimulatory effects of GA are caused solely by a direct 
effect on cellular expansion; thus the apparent effects 
on cell division are results, and not causes, of such 
growth stimulation (see ref. 10 for additional discus- 
sion and literature citations). 


Synercistic Actions INvotvinG GA oN SEED 
GERMINATION: Synergistic actions on lettuce seed 
germination from combinations of GA and kinetin 
(or kinetin analogues) have been reported (11, 23, 
24). However, no such synergistic effect has been 
reported for combinations of gibberellin and thiourea, 
which is demonstrated here (table V). Inasmuch as 
kinetin and thiourea have such different over-all 
effects on lettuce seeds (as evidenced by their opposite 
effects on mitotic activity in nongerminated seeds), 
the fact that GA can give synergistic effects with 
either compound tends to weaken the suggestion of 
Skinner et al that gibberellin and 6-(substituted) 
purines “are closely related in their biochemical func- 
tions” (24). The present considerations agree with 
studies that showed that the actions of GA and kine- 
tin on lettuce seed germination are separable and 
distinct (11). 

AcTION OF KINETIN: Since the discovery of 
kinetin and its activity in cell division (18), it has 
been found to produce diverse effects, other than 
promotion of cell division, in several systems (see 
ref. 27 for review). Its effect on leaf disk expansion 
has been attributed to cell enlargement (6,16). Its 
activity in stimulating lettuce seed germination must 
also be attributed to cell expansion (8). Kinetin can 
break dormancy resulting from y-irradiation under 
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conditions where the initiation of mitosis lags several 
days behind the initiation of germination by cell ex- 
pansion (8,9). Consequently, this initial stimulation 
of germination in y-irradiated seeds cannot possibly 
be related to cell division since there is no division at 
the time. Since kinetin has been shown to promote 
cell expansion in several instances, an increased cell 
number resulting from kinetin treatment (7,19) does 
not in itself imply a primary action on cell division. 
Since the stimulation of cell division in nongerminated 
seeds occurs without over-all expansion, our studies 
show that kinetin can indeed act as an accelerator of 
cell division. That this stimulation of cell division can 
not be attributed to the stimulatory effect of kinetin 
on germination follows from the failure of the other 
germination-stimulators (GA, thiourea, red light) to 
similarly stimulate cell division in nongerminated 
seeds. This demonstration of a true stimulation of 
cell division by kinetin is in accord with the work 
of Skoog and his associates. These workers found 
that, in the presence of indoleacetic acid, kinetin treat- 
ment of tobacco pith resulted in clusters of very small 
cells (25). The action of kinetin in the nongermi- 
nated seeds differs from its action in tobacco pith in 
that no exogenous auxin is necessary for activity. 


Errects oF Licut: In the classic studies by the 
Beltsville workers (2), red and far-red light were 
applied to seeds as short pulses instead of the continu- 
ous light treatments used in the present studies. Since 
we found no difference in the mitotic activity result- 
ing from continuous red or far-red light treatments, 
there should have been no differences in mitotic ac- 
tivity from light treatments of short duration. We 
chose continuous light treatment to obtain the great 
differences in germination percentages (fig 2), in 
contrast to which the lack of effect on mitosis (table 
VI) is all the more striking. 

That the over-all effect of light on seeds differs 
from the over-all effects of either kinetin or thiourea 
is indicated by the fact that light apparently has no 
effect‘on mitotic activity whereas kinetin or thiourea 
do have. The effects of red light and kinetin on the 
initiation of germination proper are mediated by dif- 
ferent mechanisms (11,17). Although apparently 
neither red light nor GA influence mitosis in non- 
germinated seeds, we do not wish to imply that the 
effects of these two agents on germination are there- 
fore closely related. We have previously shown that 
under certain conditions where lettuce seeds are un- 
able to respond to GA they can respond to red light 
(11). Conversely, under certain conditions where 
the response to light was poor, there was a very strong 
response to GA (9). 

From considerations analogous to those presented 
in the subsection on gibberellin and mitosis, it might 
be suggested that the effects of light on cell division 
during seedling growth (29) may result from more 
direct actions on growth by cell expansion. 


EFFECTS OF THIOUREA: Although thiourea must 
stimulate germination via cellular expansion, it none- 
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theless inhibits cell division in nongerminated seeds. 
It also greatly inhibits mitotic activity in protruded 
roots (2-4 mm long) of lettuce under conditions where 
both treated and untreated seeds have fully germinated 
(Haber and Luippold, unpub.) Treatment of lettuce 
seeds with thiourea after y-irradiation increased pro- 
duction of chromosomal aberrations in the root tips 
after germination (9). Thus thiourea has (at least) 
two different effects on the nuclear level: mitotic in- 
hibition and (potentiation of ) chromosome breakage. 
Inhibition of mitosis may explain the drastic inhibitory 
and lethal effects of thiourea on seedling growth (9, 
21, 28); on inhibiting or greatly retarding cleavage 
of eggs and arrest of growth at the earliest develop- 
mental stages in echinoderms (1,22); and on in- 
hibition of regeneration in planarians (14). It may 
also be possible that mitotic inhibition may be related 
to the activity of thiourea as a goitrogenic drug, 
especially since goiters are characterized by a greater 
extent of cellular hypertrophy than cellular prolifera- 
tion (31). 

It is most interesting that thiourea, which inhibits 
growth [including that of lettuce seedlings (9, 28)] 
as well as mitosis in nongerminated lettuce seeds, 
should stimulate the initial cellular expansion in break- 
ing dormancy of lettuce seeds and potato tubers (4). 
This might be partly explained by postulating that 
the growth-inhibitory action of thiourea can be at- 
tributed solely to inhibition of cell division. If so, 
then it should be relatively ineffective as a growth 
inhibitor in systems where mitotic activity does not 
significantly contribute to over-all growth as, for 
example, in the initial growth by cell expansion in the 
breaking of dormancy. In this connection, it is inter- 
esting to note that Parry found a synergistic action of 
thiourea and indoleacetic acid on the growth of Avena 
sativa L. seedlings (20). There was, moreover, a 
slight positive effect of thiourea in the absence of ap- 
plied indoleacetic acid (20). This might suggest 
that thiourea stimulates cellular expansion in certain 
special cases apart from its action in breaking dor- 
mancy. 


SUMMARY 


The effects of several germination-stimulating 
agents on mitotic activity in radicles of nongerminated 
lettuce seeds have been studied using conditions near 
the upper limits of temperatures permitting germina- 
tion. Under appropriate conditions where gibberellin, 
kinetin, thiourea, and red (as compared with far-red) 
light could stimulate germination, only kinetin stim- 
ulated mitotic activity. Kinetin can be considered a 
true cell division factor in nongerminated lettuce seeds. 
Neither gibberellin nor red light had any significant 
effect on mitotic activity under conditions where they 
were later active in stimulating germination. The 
conditions under which thiourea inhibited mitosis 
were the same as those under which it later stimulated 
germination. The results are discussed in relation 
to seed germination, the general problem of dormancy, 
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and the actions of the germination-stimulating agents 
on other aspects of growth and development. 
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ACTION OF MALEIC HYDRAZIDE ON DORMANCY, CELL DIVISION, 
AND CELL EXPANSION? 


ALAN H. HABER anp JOE D. WHITE? 


Brotocy Division, OAK Rince NaTIONAL LAporatory 3, OAK RIDGE, TENNESSEE 


Maleic hydrazide (MH) is of practical and theo- 
retical interest as a growth-regulating chemical that 
can inhibit plant growth without causing obvious 
morphological abnormalities (13, 14). After recent 
reports of growth interactions between MH and gib- 
berellic acid (GA) (2,10), Brian and Hemming 
called attention to the many growth effects for which 
MH has actions opposite to those of GA (1). From 
studies of interactions of MH and GA on pea stem ex- 
tension, these authors concluded that “MH prevents 
the response to GA of GA-sensitive plants” and that 
it is, therefore, likely that “MH inhibits growth by 
blocking some essential reaction at a stage preceding 
that where GA normally exerts its effect” (1). In 
these experiments, we have studied the effects of MH 
and compared them with those of GA on three sys- 
tems: lettuce seed germination, mitosis in the absence 
of growth by expansion in dormant lettuce seeds 
(5,7), and growth by cell expansion in the absence 
of mitosis in y-irradiated wheat (6). The results 
show that there is no specific interaction between MH 
and GA either on lettuce seed germination or on the 
growth of wheat seedlings, and MH seems to exert 
direct effects on cell division but not on cell expansion 
during seedling growth [which is in contrast to pre- 
viously studied GA effects on these same systems 
(6,7)]. Similarities between effects of MH and of 
ionizing radiation are noted. 


MATERIALS AND METHODS 


Experiments were performed with lettuce (Lac- 
iuca sativa L., var. Big Boston White) and wheat 
(Triticum vulgare Vill., (Triticum aestivum L.), var. 
Thorne). Big Boston White was used because its 
germination is more sensitive to MH than any of 
several other varieties we tested. We sowed 100 mg 
of lettuce seed on one piece of Whatman No. 1 filter 
paper moistened with 3.5 ml of solution at pH 5.7 in 
a covered 9 cm Petri dish. The dishes within closed 
copper sterilization cans (and thus in continuous dark- 
ness) were placed in a constant-temperature water 
bath. The criterion for germination was visual de- 
tection of radicle protrusion after 2 days at 26°C. 
Radicles from nongerminated seeds at 29° C were 
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excised, fixed, and examined for mitotic figures as 
previously described (5,7). Some wheat grains 
were given 800 kr of y rays at 49 kr/hr from a Co® 
source described elsewhere (3). The wheat was from 
the same batch used in previous studies (6) and was 
grown under the same controlled conditions for 12 
days (with light intensity of approximately 450 ft-c 
during the 16-hour day). Growth was measured as 
length of the first leaf 12 days after sowing, at which 
time growth of the irradiated plants growing without 
mitosis was complete (6). 


RESULTS 


If the suggestion of Brian and Hemming (1), that 
MH prevents response to GA, is generally true for 
gibberellin responses then we should expect GA to 
be less effective than other germination stimulators in 
relieving the dormancy imposed by MH. Accord- 
ingly, we studied the effects of germination stimula- 
tors (GA, kinetin, thiourea) in combination with 
germination inhibitors (MH, coumarin, 2,4-dinitro- 
phenol, mannitol, and nicotine) on lettuce seed ger- 
mination. The results given in table I show that 
GA and the other two stimulators seem to have the 
same effects relative to one another in relieving dor- 
mancy imposed by MH as in relieving dormancy im- 
posed by the other four inhibitors. From these re- 
sults it seems unlikely that there is any specific inter- 
action between MH and GA on lettuce seed germina- 
tion. This argument is valid only if the promoters 
stimulate germination via different mechanisms. 
That GA and kinetin stimulate lettuce seed germina- 
tion via different mechanisms is indicated by the find- 
ings that these two compounds have different tem- 
perature ranges of activity, and that the interaction 
between them can be either more or less than additive, 
depending on experimental conditions (9). That 
GA, kinetin, and thiourea each have different over-all 
effects on seeds before germination is indicated by 
their different effects on mitotic activity in nonger- 
minated seeds: no effect, stimulation, and inhibition, 
respectively (7). 

From the original finding that dormant lettuce 
seeds may show mitotic activity (5), it became possible 
to study the effect of growth-regulating agents on such 
activity in the absence of growth by expansion (7). 
For the lettuce seeds studied in this paper, a tempera- 
ture of 29° C in darkness prevented germination with- 
out completely preventing mitotic activity in the 
dormant seeds. Thus any effects of MH on such ac- 
tivity should be attributed to direct actions on cell di- 
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vision and not to indirect effects resulting from ar- 
rested growth. The results (table II) show that the 
mitotic activity in such nongerminated seeds is greatly 
inhibited by 3 x 10-?M MH. This is in contrast 
to previous results from work with GA, which does 
not affect such mitotic activity (7). 

Studies with the system just described, consisting 
of some cell division in the absence of growth by cell 
expansion, can be complemented by studies with a 
system in which growth by cell expansion occurs 
without cell division (6). It was previously shown 
that wheat grown from grain given 612 kr of Co%® 
y Tays can grow into small seedlings without any 
mitotic activity. (No mitotic figures were detected 
in root and shoot meristems fixed every day for 12 
days ; whereas several thousand figures were detected 
in similarly treated unirradiated controls.) Conse- 
quently, wheat grown and treated under exactly the 
same conditions but given 800 kr can be presumed 
to have no mitotic activity (6). The effect of MH 
on growth of wheat from grain given 800 kr, as well 
as of unirradiated wheat, is given in figure 1. Where- 
as the highest concentrations produce approximately 
85 to 90 % inhibition in the growth of unirradiated 
wheat, there is no significant inhibition of the irradi- 
ated wheat. Thus these MH treatments, which can 
inhibit growth of the unirradiated wheat undergoing 
both cell division and cell expansion, cannot inhibit 
growth of irradiated wheat undergoing cell expansion 
without cell division. This might suggest that the 
inhibitory effect of MH on seedling growth can gen- 
erally be attributed to an inhibition of cell division, 
a suggestion sustained by the finding that MH can 
inhibit cell division in the absence of growth by ex- 
pansion (table II). This suggestion will be con- 
sidered more critically in the Discussion section. 
Figure 1 shows that, with increasing MH concentra- 
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Errect OF MH on Mitotic Activity in Dormant Lettuce Seeps Arrer 24 Hours at 29°C 1n DarKNEsS 
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tion, the growth curve of the unirradiated wheat ap- 
pears to approach that of the irradiated wheat. If 
it is assumed that the sole effect of MH on wheat 
seedlings is to inhibit cell division, these results might 
suggest that the maximal inhibition by MH would 
correspond to a concentration that reduces mitotic 
activity to the extent that cell division does not con- 
tribute to growth. If so, then the high concentra- 
tions of MH would, like y rays, restrict growth to 
cell expansion. When unirradiated wheat grains 
were sown on solutions of 3 X 1072 M MH and root 
and shoot meristems were fixed every day for 12 days, 
no mitotic figures were found. This is in striking 
contrast to the thousands of figures observed in un- 
treated wheat from the same batch of grain and grow- 
ing under the same experimental conditions (6). In 
contrast to MH, GA does exert characteristic growth 
effects on this irradiated wheat even at doses as high 
as 1,225 kr (6). 

Interactions of MH and GA on the growth of un- 
irradiated wheat are given in figure 2A. GA and 
MH each produce their expected effects; moreover, 
plants treated with MH plus GA show more growth 
than those treated with MH alone and less growth 
than those treated with GA alone. The results also 
confirm the observations of Brian and Hemming that 
the effects of GA and MH are less than additive (1). 
It is our contention, however, that the assumption 
that arithmetic additivity of GA and MH effects is 
a necessary condition for independent action is in- 
correct. A more likely requirement for independent 
action would be that the percentage increase in growth 
from GA treatment should be the same in the absence 
of MH as in the presence of MH. The latter condi- 
tion is fulfilled by the results shown in figure 2A. 
GA treatment gives approximately a 60 % growth in- 
crease over controls. When plants are treated with 
MH plus GA, the increase is also about 60 % com- 
pared to treatment with MH alone. Our conclusion 
that MH and GA apparently act independently (i.e., 
exhibit no growth interaction) will be considered 
more fully in the Discussion section. Independent 
actions on the growth of wheat seedlings is consistent 
with the data for lettuce seed germination (table I), 
which do not indicate any specific interaction of MH 
and GA. Independent actions would also be expected 
if MH inhibited seedling growth solely by cell divi- 
sion, since GA apparently exerts its growth-stimula- 





tory effects in this wheat only by cell expansion (6). 
Therefore, we should expect that the growth response 
to GA of the irradiated wheat growing without mitosis 
should be unaffected by MH. This expectation is 
confirmed by the results given in figure 2B. 


DISCUSSION 


Many previous investigations have led to a com- 
monly accepted conclusion that MH is an antimitotic 
agent (see ref 4 and refs cited therein). Our finding 
that MH inhibits cell division in dormant lettuce seed 
contributes new information in two respects. First, 
this inhibition of mitosis shows that the action of MH 
on cell division is probably direct and cannot be at- 
tributed to arrested growth since dormant embryos 
do not grow. Second, this is an instance whereby 
MH and GA do not produce opposite effects since 
GA has no effect on mitosis in nongerminated lettuce 
seeds, even under conditions where it stimulates ger- 
mination (7). The experiments with irradiated 
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wheat growing without cell division indicate that, in 
this system at least, MH has no effect on expansion. 
This growth of the heavily irradiated wheat by cell 
expansion is true growth sustained by metabolism 
and is not a physical artifact, since it involves a great 
increase in dry weight, is prevented by 2,4-dinitro- 
phenol (Haber, unpubl.) and gives typical growth 
responses to GA [fig 2B; (6)]. These results both 
with dormant lettuce seed (where cell division oc- 
curs without growth by cell expansion) and with 
y-irradiated wheat (where growth by cell expansion 
occurs without cell division) are consistent with the 
conclusion that MH inhibits cell division but has no 
effect on expansion (4). However, the results with 
irradiated wheat may not necessarily parallel the ef- 
fect of MH on cell expansion in unirradiated wheat; 
our results do not preclude the possibility that wheat 
has a radiation-sensitive component of cell expansion 
that can be inhibited by MH. Moreover, inhibition 
of lettuce seed germination by MH must be an ex- 
pression of a prevention of cell expansion and can- 
not be related to the inhibition of cell division studied 
here. This is because cell expansion is necessary 
and sufficient for breaking lettuce seed dormancy, 
whereas cell division is not (5,7). Nevertheless, the 
fact that MH does not affect growth of the irradiated 
wheat which grows without cell division whereas GA 
does affect such a system, provides another instance 
whereby MH and GA do not produce opposite effects. 

Since GA apparently affects normal growth of 
young wheat seedlings solely by stimulating cell ex- 
pansion (6), the results presented in figure 2A further 
suggest that MH affects seedling growth solely or 
primarily by inhibiting cell division. Accordingly, 
we should expect that for different MH treatments, 
the GA effect per cell would be the same and would 
produce the same percentage increase in growth with 
or without MH, i.e., the effects should appear to be 
independent. However, failure to find a significant 
growth interaction in the results of figure 2A does 
not prove that generally there is no such interaction. 
Nevertheless, when some of Brian and Hemming’s 
data are reinterpreted, they also seem to show that 
MH and GA can act independently on the growth rate 
of Meteor pea seedlings. In these plants pretreated 
with 0, 0.11, 0.33, or 1.0 g of MH per 100 ml, the 
ratios of the growth rates for plants given 10 xg GA 
to those given no GA were 3.3, 3.0, 3.5, and 3.8, re- 
spectively (calculated from data of fig 2 of ref 1). 
Thus, although the effect of MH plus GA was less 
than would be expected from arithmetic additivity, 
it was just what would be expected if GA had given 
the same percentage increase in growth for any MH 
pretreatment from 0 to 1.0 g per 100 ml. Therefore, 
according to our interpretation, their data also sug- 
gest that MH and GA can act independently. The 
finding that MH and GA apparently act independent- 
ly on seedling growth has its parallel in the evidence 
denying a specific interaction in lettuce seed ger- 
mination (table 1). These considerations might also 
explain several other relations observed by Brian and 
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Hemming. The greater effect of MH on ts pea 
as compared to dwarf peas (measured as mili mete 
growth/day) may have been a consequence of th 
greater initial height of the tall peas and thei: 
fivefold greater growth rate in the absence 
chemical treatments (1). Also, their obs 
that “MH was slow to produce its maximum 
ing effect on growth, whereas GA accelerated zrowth 
very rapidly” (1) would be expected, since direct 
effects on cell division should result in delayed ob 
servable effects on over-all growth, whereas diré 

effects on expansion should result in early observable 
effects. 

The action of MH to induce chromosome break- 
age (12) might in itself conceivably contribute t 
growth inhibition. The work of Schwartz and Bay 
(15) indicates that aneuploidy and cell lethality, re- 
sulting from chromosome breakage in dividing cell 
may indeed slightly reduce over-all growth. How- 
ever, our previous data suggest that chromosome 
breakage in itself could not account for more than a 
few per cent of the total growth inhibition from y ir 
radiation (see fig 1 of ref 6). Since y irradiation 
can cause reversal in the seedling height-dose curve 
(6) and MH does not (fig 1), we should expect that 
the fraction of MH-induced growth inhibition result- 
ing from chromosome breakage would be even less 
than the corresponding fraction of such y-irradiation- 
induced growth inhibition. Any effect of such break- 
age on over-all growth cannot result in aneuploidy 
unless the cell divides. Consequently, by using the 
heavily irradiated wheat, the effect of MH on cell ex- 
pansion is separated from its action on aneuploidy re- 
sulting from chromosome breakage as well as from 
its action on mitosis. 

Our results show several striking similarities be- 
tween effects of MH and effects of ionizing radiation. 
It has long been known that chromosome breakage 
can result from ionizing radiation or from MH (12). 
Similarly, mitosis in dormant lettuce seeds can be 
inhibited by MH (table 2) and also, presumably, by 
ionizing radiation (5,8). That grain given certain 
high doses of ionizing radiation can germinate and 
undergo limited growth without any cell division, 
was first suggested by Schwartz and Bay (15). This 
radiation effect seems to be duplicated by MH (see 
Results section). The growth of this wheat is extra- 
ordinarily insensitive to y radiation in doses greater 
than those sufficient to prevent mitosis. By this we 
mean that, from 500 to 1200 kr, there is no significant 
effect of radiation dose on subsequent growth (6). 
Also MH treatment of such heavily irradiated wheat 
does not decrease growth any further (figs 1 and 2B). 
Consequently, cell expansion in these young wheat 
seedlings is apparently equally insensitive to y radia- 
tion and to MH, especially since the growth curves 
for irradiated and unirradiated wheat seem to con- 
verge with increasing MH concentration (fig 1). 
That the inhibitory effects of 800 kr of y rays and 
those of MH are not at all additive (figs 1 and 2B) 
further suggests that these two treatments affect 
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yrowt)) by common mechanisms. Finally, the well- 
‘nowt effects of MH on inducing dormancy [table I; 
(11) have their counterpart in the finding that a 
‘ailure of y-irradiated lettuce seeds to germinate could 
pe attributed to dormancy resulting from the irradia- 
tion (8). In all four of these respects in which MH 
effects resemble those of ionizing radiation (chromo- 
some breakage, mitotic inhibition, relative ineffective- 
ness on cell expansion, and dormancy), the only one 
in which GA exerts effects opposite from MH is on 
lormancy. We have seen, however, that this cannot 
pe attributed to any specific interaction between MH 
and GA (table 1). Thus, treatment with GA after 

irradiation has no effect on the yield of chromoso- 
mal aberrations (8); GA does not seem to influence 
mitotic activity directly (7) ; GA, however, does stim- 
ulate growth of y-irradiated wheat growing without 
mitosis [fig 2B; (6) ]. 

This discussion favors caution in interpreting the 
nature of growth interactions solely from observations 
of over-all growth and the criterion of arithmetic 
additivity. None of the experiments described here 
bear directly on the reported activity of MH as an 
inhibitor of auxin action (11). However, since the 
primary action of MH on seedling growth seems to 
be inhibition of cell division, it is unlikely that MH 
and auxin generally and directly influence the same 
mechanisms that regulate growth. This last sugges- 
tion is apparently consistent with the discussion of the 
relation between MH and auxin presented by Leopold 


Oil). 


SUMMARY 


MH can inhibit cell division in dormant lettuce 
seeds in which cell division occurs in the absence of 
growth by cell expansion. Concentrations of MH 
that inhibit normal growth of wheat seedlings by 85 
to 90 % have no effect on the growth of wheat from 
irradiated grain, which grows without any cell divi- 
sion. Thus MH affects mitosis in a system where 
GA does not, and MH has no effect on cell expansion 
in a system where GA is active. When wheat is 
treated with a combination of MH and GA, the two 
chemicals apparently act independently on growth. 
All these findings suggest that the effect of MH on 
seedling growth can be largely or entirely attributed 
to an inhibition of cell division and not to any ap- 
preciable effect on cell expansion. MH and GA do 
not appear to give specific interactions on lettuce 
seed germination, thereby providing further evidence 
against the theory that MH and GA affect growth 
through common mechanisms. A number of similari- 
ties between effects of MH and of ionizing radiation 
are discussed, including the capacity to permit ger- 
mination and limited seedling growth of wheat with- 
out cell division. 
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EFFECT OF SODIUM AND POTASSIUM SALTS ON GROWTH AND 
OXALATE CONTENT OF HALOGETON 
M. COBURN WILLIAMS! ? 


DEPARTMENT OF Botany, UTAH STATE UNtversity, LoGAN, UTAH 


Halogeton glomeratus (M. Bieb.) C. A. Mey. is a 
poisonous annual weed which has become established 
on approximately 10.5 million acres of the western 
range. It is found primarily in Utah, Nevada, Idaho, 
and Wyoming but occurs also in California, Oregon, 
Colorado, and Montana. In addition to causing di- 
rect losses from poisoning of sheep, halogeton serious- 
ly reduces the number of acres suitable for grazing 
over broad areas formerly used for winter sheep 
range. 

Fleming, Miller, and Vawter (6) found in 1942 
that the toxic substance in halogeton was oxalic acid, 
and further work by Dye (5) established that this 
poison occurred in its toxic form primarily as a solu- 
ble salt. The leaves of a vigorous halogeton plant 
usually contain in excess of 30 percent soluble oxalates 
(dry weight) during the late summer and early au- 
tumn. In addition, about three or four percent of 
the dry weight consists of insoluble oxalates believed 
to be primarily salts of Ca or Mg. 

Either Na or K would be required in rather large 
quantities to maintain the cation-anion balance with- 
in the plant and to supply cations for each molecule 
of oxalate produced. Experimental evidence has 
shown that halogeton accumulates large quantities 
of these univalent cations and that Na is absorbed 
much more readily than K. Dye (5) found a leaf- 
seed-sepal fraction of halogeton to contain 14.52 per- 
cent Na vs. 0.73 percent K and Beath et al (2), in 
whole plant analysis, found Na to comprise 28.6 
percent of the dry weight vs. 2.6 percent K. Dye (5) 
also found that the leaf-seed-sepal fraction contained 
more than 5 percent Cl. These data indicate that 
soluble oxalates are likely to occur primarily as Na 
salts and that NaCl is the principal salt form absorbed 
on the desert. 

The use of Na in plant nutrition has been exten- 
sively studied. This element has been reported es- 
sential as a micronutrient for bladder saltbush, 
Atriplex vesicaria, Heward (3), and for the blue- 
green alga, Anabaena cylindrica (1). Sodium has 
never been shown to completely replace K, although 
Na may in many instances produce both increases in 
yield and dry weight. An increased growth with 
NaCl was demonstrated in Salicornia by Van Eijk 
(12). Lehr (9) obtained significantly greater yields 


! Revised manuscript received November 9, 1959. 

2 Plant Physiologist, Crops Research Division, Agri- 
cultural Research Service, U. S. Department of Agricul- 
ture, in cooperation with the Utah Agricultural Experi- 
ment Station, Logan. 


in spinach with NaNO, than Ca(NO,).. Spinach 
absorbed more K if equal amounts of Na and K were 
available, but Na reduced the requirement for Kk and 
improved yields even when K was not limiting. 

The work described herein deals with the effect 
of the addition of Na and K salts to nutrient cultures 
upon oxalate concentration in halogeton leaves and 
upon plant size, dry weight, and vigor. Preliminary 
work showed that halogeton leaves were the only 
valid index that could be used to determine the effect 
of the experimental salts on oxalate content, since 
other plant tissue (stems, flowers, seeds) did not con- 
tain large quantities of soluble oxalates. 


MATERIALS AND METHODS 


Halogeton seedlings were germinated in the green- 
house in washed white sand. Two days after seedling 
emergence the sand was moistened with a dilute (1: 4) 
Hoagland’s nutrient solution (7). The seedlings re- 
mained in the sand for 10 days until the first leaves 
were well formed then transferred to one-gallon poly- 
ethylene freezer containers containing full-strength 
Hoagland’s nutrient solution plus the experimental 
salts. The seedlings were inserted into the tops 
of the lids and held in place by polyethylene ringlets. 
In addition to the full sunlight of the greenhouse, 
two 200-watt lights were placed above the halogeton 
to insure a 16-hour day. The minimum candle-power 
received throughout the test area during the period 
of supplemental illumination was 450 ft-c. If halo- 
geton receives less than 400 ft-c of supplemental light 
after July 15 in the greenhouse, flowering, which 
was undesirable in this experiment, occurs. Poly- 
ethylene capillary tubing was inserted into the center 
hole in the lid and aeration under pressure of 5 psi was 
provided continuously by a 1/6 HP pump. The tops 
of the lids were covered with black plastic tape to 
exclude light and the containers were lightproofed 
with aluminum foil. 

The basic nutrient solution in which the control 
plants were grown was prepared according to Hoag- 
land (7) with deionized water and reagent grade 
chemicals. The total Na contamination present in 
the basic solution was 1.2 to 1.8 ppm, as determined 
by flame spectrophotometric analysis (13). Initial 
Cl contamination averaged 0.18 ppm. 

The treatments consisted of adding reagent grade 
NaCl, NaNO,, and KCl separately to Hoagland’s 


nutrient solution at concentrations of 0.0, 0.001 N, and 


0.01 N. Sodium chloride was also added at a con- 
centration of 0.1.N. Two additional levels of Na 
were provided by nutrient solutions containing 
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0,002 .V and 0.02 N Na.SO,. Six containers holding 
two plants each were used per treatment. 

The plants were grown for 7 weeks in the solution 
culture. A complete change of solution was made 
every 2 weeks. Twenty milligrams of FeSO, -7 H.O 
was added twice weekly. Approximately 2 months 
after germination, and just prior to harvest, the plants 
were measured for width of lateral spread. In the 
cruciform type of growth which occurs in halogeton, 
i.e., one central stem and four laterals, the most rapid 
growth during the first 8 to 10 weeks occurs in the 
lateral branches. The measurement shown in table 
[ indicates the mean spread in centimeters from the tip 
of one lateral to the tip of that lateral directly op- 
posite. The plants were harvested, sectioned into 
stems, roots, and leaves, and oven-dried at 65° C for 
24 hours. Following a determination of the dry 
weight of both the leaves. and the entire plant, the 
leaves were analyzed for K, Na, and soluble and in- 
soluble oxalates. 

A similar but modified experiment was_ later 
conducted in a growth chamber. The plants received 
15 hours of continuous illumination at 1,100 ft-c sup- 
plied by banks of fluorescent lights. A daytime tem- 
perature of 80° F and a nighttime temperature of 68° 
were maintained. Sodium nitrate and 0.001 N NaCl 
treatments were omitted because of space limitations, 
and the solutions were changed and buffered biweekly 
to pH 6.7 with a mixture of K,HPO, and KH.POQ,. 

Leaves were collected monthly from April to 
October from halogeton on a plot adjacent to high- 
way U.S. 30S, 11 miles west of Snowville, Utah. 
The leaves were washed, oven-dried, and analyzed for 
oxalates according to Dye (5). A fraction was di- 
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gested in a 1: 1 mixture of HNO, and HCIO,, evapo- 
rated to near dryness, brought to a desired volume in 
deionized water, and analyzed for Na and K in a 
flame spectrophotometer (10). Analyses for Na, K, 
and oxalates were conducted in the same manner for 
the greenhouse and growth-chamber plants. 


RESULTS 


GREENHOUSE. At the time of harvest the plants 
grown in nutrient solutions to which Na salts had 
been added were large and succulent. As indicated 
in tables I and II, adding Na to the basic nutrient 
solution resulted in the production of halogeton sig- 
nificantly larger in physical size, of higher dry weight, 
and with a higher concentration of oxalates than both 
the controls and plants grown in nutrient solutions 
containing KCl. Another Na effect observed was 
that of leaf size and succulence. Basal leaves ob- 
tained at the juncture of the main stem and the 
branches were found to average 1.5 x 12 mm in plants 
which received Na vs. 1 X 7 mm in those of the con- 
trols or the 0.001 N KCI treatment. Plants which 
received 0.01 N KCl produced leaves 1.2 X 9 mm. 
Maximum succulence and physical size were obtained 
in the 0.1 N NaCl treatment in which the basal leaves 
averaged 2 X 16 mm. The smaller, slightly-curled 
leaves of the halogeton of the KCI treatments and 
the control solutions appeared to be in a state of semi- 
wilt throughout the 7-week growth period. This 
condition was apparent at all times and was _ par- 
ticularly evident during the afternoons when the tem-, 
perature in the greenhouse was usually between 90 
to 100° F. Wilting was not evident in plants grown 
in the growth chamber where the temperature did not 


TABLE [I 


Dry WEIGHT AND LATERAL 


3RANCH EXPANSION OF HALOGETON GROWN 7 WEEKS IN 


Nutrient Cuttures ContatIninc NACL, KCi, NANO,, anno Na,SO, 




















WIDTH OF LATERAL DrY WT OF Dry WT OF 
TREATMENT BRANCHES LEAVES ENTIRE PLANT 

Gu* Gc* Gu Gc Gu Ge 

cm cm gm gm gm gm 
Control** 15.9 9.06 0.120 0.073 0.285 0.125 
0.001 N KCl 16.4 16.00 0.140 0.247 0.331 0.452 
0.01 NV KCl 23.3 19.10 0.252 0.330 0.610 0.636 
0.001 N NaCl 22.8 sate 0.300 ne 0.800 Sas 
0.01 NV NaCl 26.5 24.40 0.400 0.370 0.980 0.747 
0.1 N NaCl 37.5 33.60 0.750 0.777 1.695 1.521 
0.001 N NaNO, 27.6 0.434 0.924 
0.01 N NaNO, 27.7 wer 0.356 ne 1.020 sane 
0.002 N Na,SO, 28.1 18.50 0.377 0.253 0.907 0.473 
0.02 N Na,SO, 31.7 19.50 0.437 0.353 1.017 0.669 
LSD (0.05) 2.51 2.2 0.05 0.02 0.02 0.06 
LSD (0.01) 3.33 2.9 0.06 0.03 0.03 0.08 








* Gh—-Greenhouse ; Gce—Growth chamber 
** Hoagland’s nutrient solution 
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exceed 80° F. The curled, wilted condition was never 
observed in plants which received Na. 

The differences in dry weights of the leaves indi- 
cated in table I primarily reflect differences in the 
number of leaves produced. This is also true in the 
comparisons of the whole plant dry weight. Plants 
which received Na tended to produce numerous addi- 
tional side branches on the central and four cruciform 
branches, while plants which received no Na produced 
very few or none. 

The soluble oxalate content of halogeton was 
greatly increased by adding Na to the nutrient solu- 
tion. Plants grown in NaCl had a much higher oxa- 
late content than plants which received any other salt. 
Adding KCl to the nutrient solution did not result in 
the production of plants with a high leaf oxalate con- 
tent, although the content was significantly greater 
than the oxalate content of the controls. The soluble 
oxalate content of the KCl and control series was 
lower than that obtained with any level of sodium salt, 
regardless of the anion present. Growth was gen- 
erally dependent upon the concentration of Na in 
solution, but oxalate formation was stimulated more 
by NaCl than by Na,SO, or NaNOg, despite the 
availability of equivalent or greater concentrations 
of Na. 

When Na was limiting and present only in con- 
tamination concentrations, K was absorbed readily by 
halogeton (table II). The me K absorbed by the 
plants which received 1 and 10 me K as KCl was 
equal to or higher than the me Na absorbed by halo- 
geton supplied a similar quantity of Na as NaNO, 
or NaCl. Adding Na to the nutrient solution re- 
sulted in a marked decrease in the absorption of K. 
Although the concentration of K in the basic solu- 
tion was 6 me, the me of Na absorbed was nearly 
double K when as little as 1 me Na was added. These 
data indicate that when Na is available, halogeton 
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will absorb this cation in preference to K, but vhen 
Na is limiting, K will be substituted at least in q::anti- 
ty, even though it is unable to substitute for N: bio- 
chemically. 


GrowTtH CHAMBER. Although seedlings hich 
died were replaced during the first 3 days after i) itia- 
tion into the culture solution, only 6 of the 12 i jitial 
control plants and 7 of 12 in each of the KCl i-eat- 
ments survived. Plants which were grown in solu- 
tions containing a Na salt were more vigorous. and 
total losses during the first 3 days did not exceed 
three plants in any treatment. Total losses fron: the 
3rd day until harvest did not exceed two plants in 
the Na treatments. 

At harvest, the control plants were much smaller 
than those in the greenhouse experiment. This dif- 
ference in size could in part be attributed to lower 
Na contamination of the nutrient solution, which re- 
sulted in a more pronounced Na deficiency. The 
plants grown in KCI had a slightly higher dry weight 
than those of the greenhouse experiment, but plants 
grown in Na.SO, solutions were much smaiier. 
Plants in the Na,SO, treatment grew vigorously for 
about five weeks, after which growth became marked- 
ly retarded. Two plants died just prior to harvest in 
the 7th week. The retarded growth and mortalities 
suggested that Cl became limiting despite the occur- 
rence of this anion as a trace element in the culture 
solution. Adding 5 ppm Cl as CaCl. has prevented 
a reoccurrence of this problem in subsequent experi- 
ments in which a Cl form of the salt was not used. 
The more vigorous growth observed in the greenhouse 
may have been the result of sufficient Cl contamina- 
tion to meet the minimum requirement for this species. 

The maximum Cl contents of the reagent grades 
Na,SO, and NaNO, were 0.002% and 0.0008 %, 
respectively. The concentration of Cl in the nutrient 


TABLE II 


Soprum, PoTrAssIUM, AND OXALATE CONTENT OF HALOGETON LEAVES WHEN PLANTS WERE 
Grown IN Nutrient CuLtTurEs CONTAINING KCL, NaCi, NANO., anv Na,SO, 








GREEN HOUSE 























TREATMENT GROWTH CHAMBER 
= ; ear ME/G DRY WT ME/G DRY WT poe 
3 SOLUBLE TOTAL : vi ig s SOLUBLE TOTAL 
Na K OXALATES OXALATES Na K OXALATES OXALATES 
Control* 0.11 3.78 1.09 1.53 0.02 210 2.17 274 
0.001 N KCI 0.21 4.00 1.54 2.30 0.02 4.35 2.91 3.14 
0.01N KCl 0.15 4.48 2.02 2.62 0.03 4.54 3.00 3.29 
0.001 N NaCl 2.80 1.38 3.13 3.26 oe ae we bone 
0.01 N NaCl 380 —«*1.36 3.66 3.66 344 «1.79 4.34 4.34 
0.1 N NaCl 6.20 1.80 3.90 3.90 5.30 127 4.44 4.44 
0.001 N NaNO, 3.18 1.83 2.19 2.66 
0.01 N NaNO, 4.70 2.00 2.62 3.19 Pies ee = oak 
0.002 N Na,SO, 3.75 1.50 2.52 2.82 3.30 1.75 352 3.89 
0.02 N Na,SO, 5.20 1.19 2.77 3.30 4.15 1.19 3.77 3.98 





* Hoagland’s nutrient solution 
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solution could have been increased a maximum of 
0.028 ppm by Na,SO, and 0.0068 ppm by NaNO, at 
the highest concentration used. The Cl content of 
the basic solution consistently analyzed 0.35 ppm or 
above. Since the control plants and those grown in 
solutions containing Na.SO, received essentially equal 
concentrations of Cl, the difference in growth and 
oxalate content must have been the result of adding 
Na. A deficiency of Cl could not have been the 
primary factor in the poor growth and low oxalate 
content of the control, since the Cl deficiency was not 
evident in Na,SO, plants for several weeks while 
retarded growth of the controls was evident immedi- 
ately after the seedlings were placed in the control 
solution. Further, the addition of 35 and 355 ppm 
Cl as KCI did not compensate for the absence of Na 
in the greenhouse. 

The leaves of halogeton grown in the buffered 
solution in the growth chamber contained more oxa- 
lates than plants grown in the greenhouse (table I). 
The controls showed the most notable increase with 
a rise in soluble oxalates from 4.9 to 9.8 percent. 
Plants supplemented with NaCl were markedly 
larger and contained considerably more oxalates than 
plants grown in any other treatment. 

3uffering was found to be necessary, since un- 
buffered solutions gave pH values between 3.0 and 3.5 
after 2 weeks. When the solutions were buffered, 
the 2-week readings ranged from 6.0 in the controls 
to between 4.0 and 5.6 in those containing KCl, 
Na.SO,, and 0.01N NaCl. The final pH of the 
0.1. N NaCl solution was 3.7. 

All plants which did not receive NaCl contained 
both soluble and insoluble oxalates, whereas only 
soluble oxalates were present in leaves of halogeton 
grown in 0.01 N and 0.1 N NaCl. Complete absence 
of insoluble oxalates has never been observed in 
desert-grown plants. 


ANALysiIs OF Desert PLANts. In a_ monthly 
analysis of oxalates in halogeton fractions contain- 
ing a mixture of leaves, seeds, and sepals, Dye (5) 
had shown that the quantity of soluble oxalates re- 
mained fairly constant during the growing season 
and increased during the late fall and early winter. 
Dye’s analysis utilized fractions which would normal- 
ly be consumed by sheep and did not take into con- 
sideration the relative amounts of each plant tissue 
present. In the experiment discussed herein, only 
the leaves were analyzed so that the results could be 
compared with greenhouse results. 

A leaf and a leaf-seed-sepal sample obtained dur- 
ing August were compared for soluble oxalates. The 
leaves contained 6.16 me soluble oxalates per gram 
of dry tissue, whereas the leaf-seed-sepal fraction con- 
tained 4.85 me. It was apparent, therefore, that the 
presence of seeds and sepals diluted the overall oxalate 
concentration. Seeds contain only about 0.4 to 1.7 
me soluble oxalates when mature; therefore, the analy- 
sis of the leaf-seed-sepal fraction would tend to vary 
according to the ratio of the three plant segments 
(14). 


When the first desert collections were made, only 
cotyledons containing small amounts of soluble oxa- 
lates were present. By May the leaves contained 
more than 3.8 me soluble oxalates; the concentration 
continued to rise steadily during the summer. In 
September the oxalate content rose sharply. At this 
time, the longer leaves present during the summer had 
begun to disappear and the leaves collected were a 
smaller type, which subtended the flowers. These 
were particularly high in oxalates; they are the leaves 
which occasion the sharp rise in toxicity during the 
autumn, even when mixed with the less toxic seeds 
and bracts. The maximum quantity of both oxalates 
and Na occurred in September (table III). 


DISCUSSION 


Sodium appears to be an essential element in the 
nutrition of halogeton. Whether this element can 
properly be classed as a micro- or macronutrient must 
await further study under more controlled conditions. 
Since contamination in the greenhouse usually re- 
sulted in a Na concentration of 6 to 8 ppm in the 
basic solution between biweekly changes, Na was 
usually present in micronutrient quantities in the con- 
trol and KCl treatments. Nevertheless, the striking 
results obtained with very high concentrations of Na 
would suggest that optimum growth and oxalate con- 
tent occur only when this element is present in sub- 
stantial quantities in the soil or nutrient culture. 

The Na in halogeton leaves appears to be used 
primarily to form salts of oxalic acid. The use of 
Na in this metabolic process is particularly evident 
in table III. The total Na present in May, June, 
and August would have neutralized only 96.8 to 98.7 
percent of the oxalates formed. The Na concentra- 
tion was adequate for the oxalate concentration in 
September and was in excess in July and October. 
The K present in the leaf tissue could have neutralized 
only 18 to 19 percent of the oxalic acid in May, June, 
July, and October; 29.5 percent in August, and only 
11.9 percent during September, the month when solu- 


TABLE III 


OXALATE, SopIUM, AND PotTasstuM CONTENT OF 
HALOGETON LEAVES COLLECTED 
NEAR SNOWVILLE, UTAH 








SOLUBLE AL 
DATE OF OXA- bi Na K 
“OLLECTION seo gad . 
- LATES LATES 





Me/g dry weight 


April 15* 0.30 0.50 wi ao 
May 15 3.82 4.85 3.70 0.71 
June 15 5.31 6.27 5.15 0.96 
July 15 5.62 6.22 7.00 1.03 
August 15 6.16 7.19 6.10 1.82 
September 15 7.69 8.61 7.84 0.92 
October 15** 6.66 7.64 7.69 1.30 





* Only cotyledons present 
** Plants dead 
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ble oxalate content was at a maximum. Had all the 
K present been utilized in oxalate formation, approxi- 
mately 81 to 88 percent of the soluble oxalates present 
would have required Na. 

The work of Dunne (4), Ulrich (11), and Jacob- 
son and Ordin (8) has clearly demonstrated that ex- 
cess of cations over inorganic anions was balanced 
by organic acid production within the plant. This 
metabolic process in halogeton results primarily 
from excess absorption of Na. The data in table IT 
indicate, however, that Na is more effectively used 
than K in the production of soluble oxalate salts. 
When equal concentrations of K and Na were avail- 
able as KCl and NaCl in the basic solution, only 66.9 
percent of the total leaf oxalates occurred as soluble 
salts in the 0.001 N KCl treatment. No oxalates were 
insoluble in the 0.01 N NaCl series while only 77 
percent of the oxalates were water soluble in the 
0.01 N KCl treatment. The absence of Ca and Mg 
oxalates was partially due to the Cl ion, since insolu- 
ble oxalates occurred in the leaves of plants which 
were grown in solutions containing equal or greater 
amounts of Na as NaNO, or Na,SO,. The pro- 
duction of plants containing only soluble oxalates was 
probably the result of a balanced nutrient solution 
containing an optimum concentration of NaCl. Op- 
timum conditions are not necessarily associated with 
the availability of NaCl alone, since insoluble oxalates 
were found to occur in the leaves of halogeton plants 
collected within a few feet of the Great Salt Lake. 
These plants were rooted in soil which was extremely 
high in NaCl. 

A significantly-increased succulence of leaves and 
stems was consistently observed when Na was added 
to the basic solution. The work of Van Eijk (12) 
on Salicornia indicated that, while Na _ increased 
growth, Cl was primarily responsible for succulence. 
Maximum leaf succulence in halogeton was obtained 
when 0.1 N NaCl was added to the solution, but no 
apparent differences were observed between equiva- 
lent amounts of Na, regardless of the anion. The 
semi-wilt of the leaves in plants receiving 35.5 and 
355 ppm Cl as KCl would indicate that Na is the 
more effective of the two ions in promoting suc- 
culence. 

-The role of Cl in halogeton nutrition is somewhat 
less clear than that of Na. Halogeton apparently re- 
quires a concentration of 5 to 10 ppm Cl in nutrient 
solution to prevent deficiency symptoms in plants 
during a 7-week growth period. 

Meeuse and Campbell (10) demonstrated that 
both Cl and nitrate inhibit oxalic acid oxidase and 
thus cause an accumulation of oxalates. In Halo- 
geton Cl is more effective in this respect, since NaNO, 
in solution was less effective than both Na,SO, and 
NaCl in increasing the quantity of soluble oxalates in 
leaves. The failure of KCl to produce concentrations 
of oxalates similar to those produced by NaCl indi- 
cates that an interaction between Na and Cl occurs 
which promotes greater organic acid metabolism. 

It is doubtful that any of the symptoms of Na 


deficiency discussed would ever be encountered t:der 
natural conditions. The data do indicate, how:ver, 
that where the soil is high in NaCl, halogeton will 
tend to be exceptionally vigorous and high in so!uble 
oxalates. 


SUMMARY 


Halogeton absorbed large quantities of Na. This 
element may be absorbed as a number of salt forms, 
but NaCl appears to be the principal salt absorbed in 
the desert. The leaves of both desert and greenhouse 
plants contained a maximum of 6.1 te 7.8 me Na 
(dry weight basis) during the growing season. Un- 
der natural conditions, the major portion of the Na 
absorbed is metabolized as sodium oxalate. 

Halogeton which received no added Na in its 
nutrition exhibited poor growth and vigor. Leaf 
oxalate content, growth, and succulence were greatly 
increased when Na as NaCl was added to the basic 
solution. 

Halogeton which received no added Na substi- 
tuted K in concentration in the leaves. When Na 
was available in at least 0.001 N concentration, the 
plant absorbed more of this cation than K. Potassium 
did not completely substitute for Na in promoting 
growth and vigor or in the formation of soluble 
oxalates. 

Plants which were grown in Na alone were slight- 
ly more vigorous and somewhat larger than those 
which were grown in solutions containing KCl. 
Greater quantities of soluble oxalates occurred in 
plants which received Na. 

Although no optimum concentration for Cl in the 
basic solution was established, the data suggest that 
the Cl requirement of halogeton is greater than that 
which would be supplied by most nutrient cultures 
now recommended for hydroponic research. 

A 0.1.N concentration of NaCl in the nutrient 
solution was most effective in promoting growth, 
vigor, physical size, and abundant oxalate formation. 
When halogeton was grown in solutions containing 
0.01. N NaCl or above, only soluble oxalates were 
formed. 

Sodium 
halogeton. 


was essential for vigorous growth of 
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UTILIZATION OF EXOGENOUS SUGARS FOR BIOSYNTHESIS OF 
CARBOHYDRATES IN GERMINATING POLLEN *? 
GIAN KESSLER, DAVID S. FEINGOLD, ann W. Z. HASSID 


DEPARTMENT OF BIOCHEMISTRY, UNIVERSITY OF CALIFORNIA, BERKELEY, CALIFORNIA 


It is known that pollen germination is enhanced 
by supplying exogenous carbohydrate ; however, little 
information is available concerning the fate of the 
carbohydrate in the pollen. O’Kelley (10) showed 
that when pollen is germinated in C'4-labeled p-glu- 
cose, D-fructose, or sucrose, C!4-labeled CO, is formed, 
indicating that the pollen metabolizes exogenous car- 
bohydrate. Further evidence for the utilization of 
exogenous carbohydrate was presented by other 
workers (1,7,13), who demonstrated synthesis of 
starch by pollen germinated in various sugar solutions. 
A more detailed study of the in vitro utilization of 
exogenous carbohydrate by germinating pollen is pre- 
sented in this paper, showing that the carbohydrate is 
transformed to other complex saccharides in addition 
to starch. 


MATERIALS AND METHODS 


Uniformly C!*-labeled sucrose (74 uc/Hmole) and 
uniformly C'*-labeled’ fructose (30 #c/#mole) were 
kindly furnished by Dr. E. W. Putman. Prior to 
use the sugars were purified by two-dimensional 


1 Received November 17, 1959. 

2 This investigation was supported in part by a research 
grant (No. A-1418) from the U. S. Public Health Service, 
National Institute of Health, and by a research contract 
with the U. S. Atomic Energy Commission. 

8 Fellow of the “Schweizerische Stiftung fuer Stipen- 
dien auf dem Gebiete der Chemie”. 


chromatography. After eluting the sugars from the 
paper, residual impurities, originating presumably 
from the chromatographic procedure, were eliminated 
by circular chromatography on filter paper disks 
which had been treated with 1 N acetic acid at 100° C. 
Omitting the latter purification step resulted in a 
marked inhibition of germination. 

Laminaran, laminarobiose, laminarotriose, and 
laminarotetraose were a gift from Dr. W. J. Whelan 
of the Lister Institute, London. The laminarodextrin 
series was prepared by heating a 4 per cent solution’ 
of soluble laminaran in 0.5. N HCl at 100°C for 20 
minutes. The solution of the partially hydrolyzed 
polysaccharide contained D-glucose and a homologous 
series of oligosaccharides ranging in degree of poly- 
merization from two to greater than seven. Malto- 
dextrins were obtained by heating a 4 per cent solu- 
tion of soluble starch in 0.5.N HCl at 100°C for 5 
minutes. 

Emulsin (B-glycosidase) was purchased from the 
Nutritional Biochemicals Co. This enzyme prepara- 
tion was used at a final concentration of 1 per cent 
in 0.01M sodium acetate, pH 5.0. The enzyme 
preparation was devoid of a-glucosidase activity under 
the conditions of the test. The enzymatic hydrolysis 
with emulsin was carried out at 37° C over a period 
of two to six hours. 

A lyophilized preparation of a specific B-1,3-pD- 
glucanase (S 176A—Rhizopus arrhizus QM 1032) 
(12) was kindly supplied by Dr. E. T. Reese, Quarter- 
master Research and Development Center, Natick, 
Mass. The preparation was used as an 8 per cent 
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solution in 0.05.N sodium acetate pH 4.8. Incuba- 
tions were carried out in the presence of toluene at 
37° C for 6 and 30 hours. 

Crude centrifuged saliva was used as a source of 
a-amylase. Mixtures consisting of equal volumes 
of the @-amylase solution, 0.5 M sodium acetate and 
the individual sugar solutions were incubated at 37° C 
for 6 hours. 

Liquid invertase concentrate was obtained from 
the British Drug Houses Ltd., England. The sugar 
solutions (20 #1) were mixed with 20 #1 of 0.1 M so- 
dium acetate and 10 #1 of invertase solution, and in- 
cubated at 30° C for 6 hours. 

Glass capillary tubes of 1.2 to 1.5 mm diameter 
were used as reaction vessels (11) in all reactions 
conducted in volumes of 100 #1 or less. 

The total carbohydrate content of pollen samples, 
which had been dried to constant weight in vacuum 
at 40° C over NaOH, was determined by the anthrone 
method (4) and calculated as glucose. 


GERMINATION IN viTRO: Pollens of the species 
Lapageria rosea and Impatiens oliveri were selected 
for this study. The material was kindly provided by 
Mr. P. Hutchinson, of the Botanical Garden of the 
University of California. In preliminary tests the 
molarity of sucrose solutions that would produce op- 
timal growth over a period of 16 hours was determined 
for each species. Based on these results a substrate 
concentration of 0.15 molar was used throughout the 
investigation. 

Series I of germination experiments were carried 
out with pollen in 0.15 M solutions of uniformly C1- 
labeled p-fructose., Approximately 10 “moles (300 
Hc) of the purified radioactive p-fructose was diluted 
to the specified concentration and transferred to a 
watch glass (approximately 65 #1 per watch glass). 
Pollen then was gently brushed off the anthers of 
freshly harvested flowers and approximately 1 mg of 
pollen grains was added to the sugar solution. The 
watch glass was placed in a moist chamber, and the 
pollen grains were allowed to germinate for 16 hours 
at room temperature (25°C). At the end of the in- 
cubation period the pollen was examined microscopic- 
ally to determine the per cent germination and the ex- 
tent of the pollen tube growth. The pollen was then 
aggregated in the center of the watch glass by impart- 
ing a swirling motion to the contents, and the initial 
substrate was gradually displaced by repeated addition 
of portions of 0.15 M nonradioactive p-fructose, fol- 
lowed by removal of the liquid with a micropipette. 
The washed samples were transferred into 1 ml of 
boiling 95 per cent ethanol and the suspension was 
boiled for one minute. Subsequently the pollen was 
extracted repeatedly by suspension in 0.5 ml portions 
of hot 50 per cent ethanol and centrifugation until the 
supernatant liquid was free of radioactivity. Prior 
to analysis the residual insoluble material and the 
combined extracts were concentrated to dryness in a 
vacuum desiccator over KOH at room temperature. 

In series II of germination experiments fresh 
pollen samples were first incubated in 0.15 M_ non- 


radioactive sucrose solution. At the end of © iree 
hours the initial substrate was displaced by 0..5M 
p-mannitol. The washed pollen was resuspend: ' in 
60 #1 of 0.15M p-mannitol solution containing ).14 
“moles (10.0 uc) of labeled sucrose. The incuba ons 
were then allowed to proceed for another 16 hou.s at 
room temperature. Subsequent steps for microsc pic 
examination and separation of the metabolic prov icts 
were identical with those described in the first s: ries 
of germination experiments. 


SEPARATION AND IDENTIFICATION OF REAC‘ ION 
Propucts: Paper electrophoretic separation of )or- 
ate complexes of carbohydrates was carried oui on 
strips of oxalic acid-washed Whatman No. 1 filter 
paper in an apparatus similar to that described by 
Crestfield and Allen (2), using 0.1 M sodium tetra- 
borate, pH 9.2, as buffer solution. 

Paper chromatography of soluble metabolic prod- 
ucts (hexoses, oligosaccharides, noncarbohydrate com- 
pounds) was performed by radial development on disks 
of Whatman No. 1 filter paper with n-propanol-ethyl 
acetate-water (7:2:1) at 37°C. In addition, mono- 
and disaccharides were chromatographed two-dimen- 
sionally on Whatman No. 1 paper using water- 
saturated phenol in the first dimension and butanol- 
acetic acid-water (52:13:35) in the second. Sugars 
were detected with p-anisidine phosphate spray re- 
agent (1 g of p-anisidine phosphate in 140 ml of 70% 
alcohol ). 

Radioactive substances on paper were located by 
means of radioautography, using Eastman No-Screen 
X-ray film, and counted on paper with a Tracerlab 
rate meter. Under the conditions employed 1 uc of 
radioactivity adsorbed on Whatman No. 1 filter paper 
was equivalent to 90,000 cpm. 

Partial acid hydrolysis of insoluble pollen material 
was carried out according to the method described by 
Feingold et al (5). The samples were transferred 
as an aqueous suspension to a glass tube sealed at one 
end and taken to dryness under reduced pressure. 
Approximately 0.5 ml of concentrated HCI saturated 
with HCl gas at —18° C was added, the tube sealed 
and immediately immersed in a 23°C water bath. 
After 10 minutes the contents of the tube were diluted 
with 10 volumes of water and the HCl was removed 
in a vacuum desiccator over KOH. 

Exhaustive hydrolysis of the carbohydrate material 
was achieved by extending the hydrolysis time to 30 
minutes. Otherwise all the manipulations were per- 
formed as described for partial hydrolysis. 

In cases where chromatographic analysis indicated 
that the partial hydrolyzate contained more than one 
series of radioactive oligosaccharides, a separation of 
the isomers with an identical degree of polymerization 
was achieved by paper electrophoresis in borate 
buffer. After eluting the separated compounds from 
the paper the aqueous sugar-borate complexes were 
concentrated under reduced pressure, applied to the 
center of a Whatman No. 1 filter paper disk, and 
subjected to radial chromatography in an acid solvent 
(n-butanol-acetic acid-water 52:13:35). This proc- 
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Tee ess dissociated the sugar-borate complexes and sepa- Dry WEIGHT AND CARBOHYDRATE CONTENT OF 
»M rated the oligosaccharides from the residual borate LApPAGERIA PoLLEN: The average weight loss on 
in salts. The somewhat diffuse bands of the borate-free drying of Lapageria pollen was 9 per cent. Its total 
14 oligosaccharides were subsequently eluted and re- carbohydrate content, calculated as glucose, was 26 
ons chromatographed as previously described. per cent of dry weight. 
; at Radioactive mono- and oligosaccharides obtained 
pic from the alcohol extracts or partial acid hydrolyzates SEPARATION AND IDENTIFICATION “i arenes 
icts were identified by cochromatography and coelectro- Mxtapesac sens oth Chromatograpizic anit id 
ries phoresis with authentic sugars. Oligosaccharides the 50 per cent ethanol extracts after the incubation 
were further identified by partial as well as total hy- period revealed in each case the eae of a number 
sil drolysis with appropriate enzymes. Invertase was of labeled compounds. In addition to oe original 
al used to establish the presence of B-p-fructofuranosyl carbohydrate substrate, several newly foraan oer 
on moieties, emulsin to detect B-p-glucopyranosyl resi- active carbohydrate compounds ps isolated — 
iter dues, and salivary amylase to degrade q-1,4-p-glucans. identified by chromatographic, electrophoretic, and 
specific enzymatic procedures. The resulting meta- 
= HISTOLOGICAL TECHNIQUES: Starch grains in the bolic carbohydrate products produced when Lapageria 
growing pollen-tubes were detected by staining with pollen was supplied with p-fructose and sucrose are 
I,-KI. Callose was made visible with resorcin blue presented in table I. 
od- prepared as described by Mueller-Stoll and Lerch (9). Identical soluble carbohydrate compounds which 
a were formed in Impatiens pollen when germinated 
hv RESULTS in b-fructose solution were identified by the — — 
no- GERMINATION AND TUBE GrRowTH: Lapageria woes ep et ~ Besspaesar ce eons 
cn and Impatiens pollen germinated equally well in solu- mobile substances from w hich acid hydrolysis faile 
| ; ene : ; to release chromatographically detectable monosac- 
er- tions of D-fructose or sucrose. However, tubes pro- Ree i : in thie chanel ieee. The 
ol- duced by Lapageria pollen grains germinated in p- charic es, were present in the ethanol extracts. 
ars fructose solution were somewhat shorter than those ee a 2 So ee aes _ 
eg . : not been investigated ; the products will be referred to 
re- produced in sucrose solution. Identical results were 
)\% obtained with radioactive and unlabeled p-fructos wie noncarbohydrate substances. P 
0 uctose, 
indicating that there was no visible deleterious effect hen ” a experiments the prsegeats —, 
by of the radioactivity upon germination and tube growth. nee wewnage greg me — mapa age PCa ms 
en When germinating Lapageria pollen grains were radioactive. In the kiecormeuar with iipseperns? 
lab transferred from 0.15 M nonradioactive sucrose solu. &¢*™inated pollen (Lapageria and Impatiens) partial 
of tion to 0.15M p-mannitol containing 0.14 “moles of acid hydrolysis of the insoluble radioactive product 
er radioactive sucrose, further pollen-tube growth was Yielded p-glucose, a trace of D-fructose, a complex 
completely inhibited. However, since a number of mixture of oligosaccharides, and chromatographically 
ial labeled products formed, it was clear that metabolic immobile material. The oligosaccharides were sepa- 
by processes other than tube growth continued. In- rated and found to consist of two homologous series: 
‘ed asmuch as pD-mannitol failed to produce any inhibitory A. The laminarodextrin series (-1,3-p-oligogluco- 
ne effect, no corresponding experiment with C'*-labeled sides) having a degree of polymerization ranging 
re. sucrose was performed with Impatiens pollen. from two to eight, and B. The maltodextrin series 
ed 
ed 
th. 
ed TABLE | 
ed METABOLIC Propucts oF LAPAGERIA RosEA PoLLEN GERMINATED IN SOLUTIONS OF 
al C!4-LABELED D-FRUCTOSE AND SUCROSE 
ia 
30 Q% METABOLIC PRODUCTS* 
; GERMINATION ee ae Sinaia a SOLUBLE NONCARBO- INSOLUBLE 
od SUBSTRATE , ‘ re ie HYDRATE MATERIAL MATERIAL 
ne p-Fructose** Substrate 3.9 66.5 0.2 12.7 16.6+ 
of Sucrose*** 24.4 67.0 Substrate ine 44 4.2++ 
a * Calculated as proportion of radioactivity present in metabolic products other than substrate. 
we — 1.10 mg of fresh Lapageria rosea pollen germinated for 16 hours in 0.06 ml of 0.15 M radioactive p-fructose 
solution. 1.4 “moles = 0.26 mg of p-fructose (26 % dry wt of pollen) were converted to other metabolic products. 
*** 0.95 mg of fresh Lapageria rosea pollen germinated for 3 hours in 0.15 M sucrose solution, followed by incuba- 
1€ tion for 16 hours in 0.06 ml of 0.15 M p-mannitol solution containing 0.14 “moles of radioactive sucrose. 0.06 umoles 
id = 0.02 mg of radioactive sucrose were converted to other metabolic products. 
nt + B-1,3-p-glucan, starch, and insoluble noncarbohydrate material. 
c- ++ B-1,3-p-glucan, insoluble noncarbohydrate material. 
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(a-1,4-p-oligoglucosides) of degree of polymerization 
ranging from two to four. Members of the laminaro- 
dextrin series of a polymerization degree greater than 
eight, and of the maltodextrin series of polymerization 
degree greater than four-were not mobile under the 
chromatographic conditions employed. 

The fact that partially hydrolyzed insoluble ma- 
terial from the pollens of Lapageria and Impatiens 
produced a laminarodextrin and maltodextrin series of 
oligosaccharides indicates the presence in the pollen 
of these plants of B-1,3-p-glucan and starch. 

The radioactive oligosaccharides obtained by par- 
tial acid hydrolysis of the Lapageria pollen grown on 
D-mannitol solution and supplemented with radio- 
active sucrose were found to consist of laminarodex- 
trins only. Had other oligosaccharides been present, 
the experimental conditions would have permitted de- 
tection of approximately 5 per cent. 

When Lapageria pollen grains were allowed to 
germinate in C'*-labeled p-fructose solution, 66.5 per 
cent of the radioactive products formed was recovered 
as sucrose, which was labeled in both the p-glucosyl 
and the p-fructosyl moieties. Free radioactive p- 
glucose was present only in minor amounts. The 
presence of a minute quantity of maltose was also 
demonstrated.. Soluble noncarbohydrate compounds 
accounted for 12.7 per cent of the total incorporated 
radioactivity. 

Insoluble radioactive material accounted for 16.6 
per cent of the total radioactive metabolic products. 
Approximately 90 per cent of the latter was shown by 
exhaustive hydrolysis in hydrochloric acid to consist 
of p-glucose, the remaining 10 per cent being chro- 
matographically immobile material. Upon partial 
hydrolysis of the same insoluble product, about 75 
per cent of the oligosaccharides released were mem- 
bers of the laminarodextrin series. Maltodextrins 
accounted for the other 25 percent. 

For the p-fructose incubation experiments with 
Impatiens a detailed evaluation of the distribution of 
the labeled compounds formed, as described for Lapa- 
geria, was not made. However, a difference was 
observed in the relative quantities of laminarodextrins 
and maltodextrins in the partial hydrolyzates of the 
insoluble material. In the partial hydrolyzate of the 
insoluble material from Impatiens pollen the malto- 
dextrin to laminarodextrin ratio was of the order of 
ten to one, which is in marked contrast to the one to 
three ratio found in the case of Lapageria. Histo- 
logical examination of germinated pollen corroborated 
these findings. Starch grains were present in Impa- 
tiens but could not be detected in Lapageria pollen. 


B-1,3-p-GLUCANASE HypbroLysis oF GERMINATED 
LAPAGERIA POLLEN: Microscopic examination of 
Lapageria pollen which had been germinated in p- 
fructose solution and stained with resorcin blue re- 
vealed the presence of callose in the pollen-tabe walls 
as well as of callose inclusions in the cytoplasm of the 
pollen-tubes. After incubation with B-1,3-p-glucanase 
for a period of six hours a marked decrease of the 
color intensity of the callose-staining areas had oc- 


curred. Upon protracted treatment with the er:yme 
(30 hrs), resorcin blue failed to give a positi\> re. 
action for callose. This indicates that the blue--tain- 
ing material is a B-1,3-p-glucan. In addition, ti en- 
zyme treatment effected a change in the texture of 
the pollen tubes, causing a progressive loss of rigidity 
and eventual collapse of the cell walls. 

When Lapageria pollen was germinated in radio- 
active D-fructose solution and exhaustively extriicted 
with 50 per cent ethanol and then treated with B-1|.3-p- 
glucanase for 3 hours, three labeled, chromatographic- 
ally mobile substances were obtained. The major 
product of the enzymatic hydrolysis was pD-glucose; 
the presence of a smaller quantity of laminarotetraose 
could also be demonstrated. These results indicate 
the presence of radioactive B-1,3-p-glucan. In addi- 
tion, a trace of an unidentified substance was recover- 
ed which had the chromatographic mobility of a di- 
saccharide in the solvent system used. 


DiIscUSSION 


Germinating pollen is able to transform to various 
metabolic products a quantity of exogenous D-fructose 
approximately equal to the carbohydrate initially 
present in the pollen, indicating that these transfor- 
mations represent major metabolic processes. 

Although soluble carbohydrates were the main 
products of metabolic transformations, germinating 
pollen was also found to be capable of utilizing the 
externally supplied sugar for the synthesis of insolu- 
ble polysaccharides. Under the experimental condi- 
tions only two radioactive polysaccharides, starch and 
B-1,3-p-glucan, were shown to be present; no evi- 
dence was obtained for the synthesis of cellulose or 
pectin, although these materials are considered to 
be constituents of the cell wall of pollen-tubes (9). 

The enzymatic steps whereby external hexose was 
converted to the various carbohydrate metabolic prod- 
ucts found in the pollen were not investigated. It is 
reasonable to assume, however, that the hexose is 
transformed via metabolic pathways which are known 
to operate in higher plants* (6) : 


ATP 
p-fructose —— _p-fructose 6-P 


a 


starch <=> p-glucose 1-P = p-glucose 6-P 


J 


B-1,3-p-glucan << UD PG- > sucrose 
p-fructose 


* The following abbreviations are used: ATP, adeno- 
sine 5’-triphosphate; UTP, uridine 5/-triphosphate; 
UDPG, uridine diphosphate p-glucose. 
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\Vhen pollen was allowed to germinate in p-manni- 
tol, 3-1,3-p-glucan was formed from externally sup- 
plied sucrose although no tube elongation occurred 
after adding the labeled substrate. The pollen was 
therefore still metabolically active and capable of con- 
verting sucrose to polysaccharide at a time when tube 
elongation was completely inhibited by p-mannitol. 

Hellmers and Machlis (7) have shown that pollen 
germinated in water depletes its internal starch reserve 
during germination; when exogenous soluble carbo- 
hydrate is supplied to such depleted pollen, starch is 
again formed. Since the p-mannitol-germinated pol- 
len was supplied with about 50 times less substrate 
(sucrose) than the p-fructose-germinated pollen, lack 
of starch formation could conceivably have been due 
to the insufficient quantity of exogenous sucrose avail- 
able. Presumably the -1,3-p-glucan synthesizing 
enzymatic system is still active under these conditions. 
It is also conceivable that the starch-forming enzyme 
system is inactivated by the presence of D-mannitol, 
which might be expected to be an inhibitor of some 
metabolic activities since it caused complete suppres- 
sion of tube growth (10). 

The presence of histologically-defined callose in 
pollen-tubes has long been known (3); however, no 
information concerning its chemical structure has been 
available. Recently it was demonstrated by methyla- 
tion analysis that callose from Vitis vinifera sieve 
tubes is a B-1,3-p-glucan (8). The finding that pollen 
tube callose is hydrolyzed by a specific B-1,3-p-glucan- 
ase indicates that it is similar in chemical structure 
to sieve tube callose. Furthermore, the formation of 
radioactive B-1,3-p-glucan shows that exogenous hex- 
ose is readily transformed to callose by pollen during 
germination. 


SUMMARY 


A study has been made of the utilization of C1- 
labeled p-fructose and sucrose by germinating pollen 
ot Lapageria rosea and Impatiens oliveri. 

Sucrose was shown to be the main carbohydrate 
produced by the Lapageria rosea pollen germinated 
in C'4-labeled p-fructose solution. Two radioactive 
polysaccharides, starch and 8-1,3-p-glucan, were also 
synthesized by the pollen. 

The same metabolic products were obtained when 
Impatiens oliveri pollen was germinated in C!4-labeled 
D-fructose solution. 


When Lapageria pollen which had been germinated 
in nonradioactive sucrose was transferred to a solution 
containing D-mannitol and C'4-labeled sucrose, pollen 
tube growth ceased. Under these conditions the for- 
mation of 8-1,3-p-glucan, but not starch, occurred. 

The fact that the material in the pollen tubes which 
gives a positive callose stain with resorcin blue is de- 
graded by a specific 8-1,3-p-glucanase indicates that 
pollen tube callose is a 8-1,3-p-glucan. 
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A ROLE FOR METHIONINE IN DIVISION OF CHLORELLA VULGARIS? 
ALEX SHRIFT 
Division oF BroLocy, UNIVERSITY OF PENNSYLVANIA, PHILADELPHIA 


A key metabolic role can be ascribed to methionine 
on the basis of many demonstrable biochemical func- 
tions, even though these reactions have not all been 
proven to exist within one organism. Methionine is 
a constituent of proteins, (although there are instances 
in which it is reported absent (3) ) ; it also is a source 
of methyl groups for a number of cellular components, 
undoubtedly through the intermediate, S-adenosyl- 
methionine, the actual methyl donor (9). Of the 
many transmethylations that are known a few seem 
to be more directly linked than others to plant cell 
division. The incorporation of the methyl group into 
lignin (6,7) and into pectin (21, 25,26) indicates 
a need for methionine in cell wall formation. There 
is also evidence from work with animals that the 
methyl group can be used to a limited degree for 
purine and pyrimidine synthesis (16,17). In micro- 
organisms such a use has not been found (13), al- 
though S-adenosylmethionine can act as methyl donor 
to several non-naturally occurring purines (23). In 
plants, transmethylation from methionine is known 
to occur during the synthesis of several plant alkaloids 
(4, 5, 8, 12,33) which as a chemical class show many 
resemblances to the purines and pyrimidines, but a 
specific connection between these reactions and plant 
nucleic acid synthesis is unknown. Other sulfur- 
containing metabolites, notably sulfhydryl compounds, 
are recognized as playing a_ significant, although 
speculative (34,35) role in the division of cells in 
general; recently data have been presented which 
show sulfur to be necessary for cells of Chlorella 
ellipsoidea to divide (14,15). Similar evidence for 
methionine, however, is sparse. 

The idea that methionine may be intimately asso- 
ciated with division, stems from the observation that 
selenomethionine, a structural, competitive analogue 
of methionine, will prevent cells of Chlorella vulgaris 
from dividing but will allow them to maintain other 
cellular activities that lead to growth into giant cells 
(31). Analysis of these giant cells has revealed 
that there are increases in the rate of respiration, 
dry weight, and protein, and that the newly formed 
proteins lack methionine but contain other sulfur 
amino acids derived from sulfate (32). The ability 


' Received November 18, 1959. 
2 This investigation was supported in part by a Na- 
tional Science Foundation grant, G—2833. Presented 


May 3, 1958, at the annual meeting of the northeastern 
section of the American Society of Plant Physiologists, 
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of selenomethionine to replace methionine in several 
biological and biochemical systems (10, 11, 18. 36) 
suggests that in the uncoupled C. vulgaris cell there 
exist processes that can operate despite the substitu- 
tion. The selective uncoupling effect, however, 
strongly implies that methionine participates in a 
specific, irreplaceable manner in the division mech- 
anism of the C. vulgaris cell. 

This report is one of a series designed to character- 
ize more fully the relation of methionine to division. 
The experiments described here were performed to 
see if additional methionine analogues could uncouple 
growth from division and if the response to seleno- 
methionine occurred in organisms other than C. vul- 
garis. 


MATERIALS AND METHODS 


The strain of Chlorella vulgaris used, the composi- 
tion and preparation of media, preparation of inocula, 
and counting technique have been described earlier 
(30); cultural environment such as light intensity, 
temperature, and rate of flow and composition of the 
gas mixture were as noted in a later paper (32). 

Chlorella pyrenoidosa (ATCC No. 7516) was 
grown in medium of identical composition and under 
the same conditions as for Chlorella vulgaris. The 
medium designed by Sager and Granick (24) was 
used for the growth of Chlamydomonas reinhardi (ob- 
tained from Dr. Ruth Sager, Department of Zoology. 
Columbia University, New York City); the other 
cultural conditions were identical with those for 
Chlorella vulgaris. 

Escherichia coli (ATCC No. 6522) was grown in 
a liquid medium based on that of Anderson (1): 
NH,Cl, 0.0187 M; Na,HPO,, 0.0422 M; KH.PQ,, 
0.022 M; MgCl, - 6H,O, 0.0017 M; K.SO,, 0.00031 
M;; dextrose, 0.0022 M. Ammonium and phosphate 
salts were added as one stock solution. Dextrose and 
MgCl, were autoclaved separately and added later. 
Aliquots of the stock solutions were pipetted into 
Pyrex tubes, 85 x 15 mm, matched to fit the Klett 
Summersen colorimeter, and diluted to 5.0 ml. Filter 
No. 42 (blue) was used to measure optical! densities. 
Inoculum cells, taken from 14 to 16 hour old cultures, 
were centrifuged and washed three times with double 
distilled sterile water. The cells were diluted to an 
optical density of about 0.40, and a 0.1 ml aliquot was 
used for inoculum. Duplicate tubes were incubated 
at 37° C on a roller-tube wheel that rotated at 5 rpm. 
Hourly readings were taken during the exponential 
phase of growth; readings were taken less frequently 
thereafter. 
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SHRIFT—METHIONINE IN CHLORELLA DIVISION 


Torulopsis utilis (obtained from Dr. Dean B. 
Cowie, Carnegie Institute of Washington) was grown 
in the medium described by Olson and Johnson (20). 
Inoculum cells were pregrown for about 16 hours in 
low glucose (6 mg/5 ml) as recommended by Dr. 
Cowie in order to eliminate a long lag on transfer 
to new medium. The cells were harvested, washed, 
and diluted to a Klett reading of about 300. A 0.2 ml 
aliquot was used for inoculum. Conditions of growth 
were otherwise identical with those described for 
E. colt, 

Most of the analogues were purchased from Nu- 
tritional Biochemicals. Methoxinine was obtained 
from Dr. J. P. English, American Cyanamid Co., 
Stamford, Conn., and methionine sulfoximine from 
Dr. L. Reiner, Wallace and Tiernan Products, Relle- 
ville, N. J 


RESULTS AND DISCUSSION 


INFLUENCE OF METHIONINE ANALOGUES ON 
GRowTH OF CHLORELLA VuLGaRIs: Table I lists 
the analogues that were tested, and figures 1 to 4 
illustrate the growth responses to each analogue. 
Ethionine and methionine sulfoximine caused marked 
growth inhibitions, whereas the other four analogues 
were relatively non-inhibitory. Uncoupling of 
growth from division was not observed. 

The effect of ethionine was evident at as low a 
concentration as 2 X 10-°M (fig 1). The immedi- 
ate consequence was a failure of the cells either to 
grow or divide; with progressive increments in the 
concentration, the duration of this phase was cor- 
respondingly prolonged. A second phase could be 
recognized during which the rate of division increased 
steadily to a maximum exponential rate which, how- 
ever, was lower than that of the control culture. 

It seems unlikely that the resumption of divisions 
at each ethionine level was due to a selection of re- 
sistant mutants, for the following reasons. The ap- 
proximate number of mutants can be calculated by 
extrapolation of the slope of the exponential phase of 
growth to zero time if one assumes that the mutants 
divided at the same, unchanged rate from the time 
of inoculation. The calculated numbers for each 
concentration of the analogue, given in table II, are 
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TABLE I 


STRUCTURES OF METHIONINE ANALOGUES 
TESTED ON CHLORELLA VULGARIS 








Selenomethionine CH,-Se-CH,CH,.CHNH,COOH 
Methoxinine CH,-O- 
Ethionine CH,CH,-S- 
0 
i 
Methionine CH,-S- 
sulfoxide Oo 
I 
Methionine CH,-S- 
sulfoximine I 
N 
Norleucine CH.,,-CH.- 
Norvaline CH,- 





improbably high, and furthermore, one would have 
to assume a continuous series of resistant mutants, 
those with the lowest resistance being present in the 
largest numbers. 

A second feasible explanation for the renewed 
divisions, a non-cellular, spontaneous decomposition 
of the analogue under the experimental growth condi- 
tions of long duration, was checked by incubation for 
239 hours before inoculation, of medium that con- 
tained 1 x 1074M ethionine. This level ordinarily 
resulted in a lag that lasted about 150 hours. Pre- 
treatment reduced the lag to about 75 hours (fig 1). 
Some change, therefore, must have occurred in the 
medium to reduce the toxicity of the ethionine. The 
simultaneous existence or development of a cellular 
detoxification mechanism is not excluded, however, 
since in vivo transformation of ethionine by yeast 
(29) and in vitro transethylation by yeast enzymes 
(22) are known. 

The growth responses to graded levels of methion- 
ine sulfoximine (fig 2) differed from those observed 
with ethionine. At each concentration the initial 
effect was a slower rate of division rather than a com- 
plete halt as with ethionine. There ensued a rather 
abrupt decline in the division rate which then rose 
continuously until a maximum exponential rate was 
attained. This maximum rate was lower than that 
of the control. That these growth responses may 


TABLE II 


CALCULATED NUMBERS OF CHLORELLA VULGARIS MutTANTs (DERIVED FROM FIG 1), IN CELLS 
(2 * 105/mML) INOCULATED INTO GRADED CONCENTRATIONS OF ETHIONINE 








CALCULATED CALCULATED 














Morar SLOPE OF Duration onreiiniet funk. Gj, MUTANTS 
CONC EXPONENTIAL OF LAG pirdagene ns pf ao oom ae 
—— bia (mes) INOCULATION INOCULATION 
0 0.084 23 oaita ae 
2 x 197° 0.067 18 62,050 31.0 
S x 10-6 0.076 56 2,840 1.42 
+ 10 § 0.057 110 354 0.177 
rx 0.050 146 142 0.071 
5. x. 10-* 0.036 210 107 0.054 
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PLANT PHYSIOLOGY 


Influence of methionine analogues on the growth of Chlorella vulgaris. 
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Fic. 1 (top, left). Ethionine. Broken line shows growth in medium incubated 239 hours before inoculation. 
Broken line shows growth in medium incubated 119 hours before 


Fic. 2 (top, right). 
inoculation. 


Fic. 3 (bottom, left). 


Fic. 4 (bottom, right). 


Methionine sulfoximine. 


Methoxinine and norleucine. 
Methionine sulfoxide and norvaline. 
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SHRIFT—METHIONINE IN CHLORELLA DIVISION 


have been due to alterations in the medium was in- 
yesticuted. Preincubation for 119 hours, of medium 
that contained 3 x 10~5M of the compound, indeed 
resulted in a changed medium (fig 2), but the rate 
of growth was inexplicably much higher than that in 
a culture of comparable age that had been inoculated 
at the very outset. 

Effects by other analogues were apparent but only 
at the relatively high concentrations of 107% to 
10-2 M. Methoxinine and norleucine (fig 3) had no 
influence on the initial lags and exponential rates, 
but growth in these cultures began to decelerate soon- 
er than the controls. Chlorosis developed and was 
most severe in the presence of methoxinine. Slight 
increases in the lag phase were caused by methionine 
sulfoxide and norvaline; the latter depressed the 
growth rate slightly (fig 4). 

Ethionine and methionine sulfoximine appear to 
have entered the cells readily, to judge from the pat- 
terns of growth inhibition; the development of chlor- 
otic cells in the presence of methoxinine and nor- 
leucine is indicative of their absorption, even though 
the latter is unavailable as a nitrogen source for this 
species (2). S**-methionine sulfoxide has been 
shown to penetrate Chlorella pyrenoidosa and _ its 
radioactivity to spread into other soluble compounds 
and into proteins in small amounts, but it was unable 
to serve as a sulfur source for growth (27). This 
compound will also enter oat tissues and yield its 


Influence of selenomethionine on the growth of four 
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methyl group to form pectin, protopectin, and 
S-methyl methionine (26), but the extent of its pene- 
tration into Chlorella vulgaris is unknown. Without 
more specific absorption and biochemical data it is 
difficult to assess the failure of the six analogues to 
uncouple growth from division. The results do, 
however, emphasize the biological specificity of selen- 
omethionine, which structure, only slightly changed 
from that of methionine, is nevertheless able to pro- 
foundly disrupt one major cellular process, division, 
without a comparable effect upon cell growth. 


INFLUENCE OF SELENOMETHIONINE ON GROWTH 
OF OTHER ORGANISMS: Uncoupling of growth from 
division was not observed. Of the four microorgan- 
isms studied, Chlamydomonas reinhardi was the most 
sensitive and showed an increase in lag in the con- 
centration range 5 X 1077 tol xk 10-5 M. At higher 
concentrations growth was completely inhibited dur- 
ing the incubation period of the experiments (fig 5). 
Cultures that resumed exponential divisions appeared 
to be normal insofar as could be judged from their 
green appearance. At the two highest concentra- 
tions of selenomethionine that permitted exponential 
divisions, 1 xX 10~® and 1 x 107°M, calculations 
show that the number of resistant cells in the inoculum 
of 3.0 x 10° cells/ml would have been 18,950 and 
4,780, respectively. As with ethionine, there seems 
to be a graded series of resistants. These data do 


microorganisms. 
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not rule out, of course, the existence of mutants at 
higher concentrations comparable to those frequently 
used in studies designed to select mutants resistant 
to a variety of other chemicals. The resumption of 
growth as a result of a spontaneous decomposition 
was also checked. The preincubation tests showed 


no change in the biological activity of the selenometh- 
ionine. There remain the two possibilities that the 
inoculum cells either destroyed the amino acid ana- 
logue via an existing detoxification mechanism, or 
that they were induced to develop a mechanism en- 
abling them to cope with the substance. 

The other algal species studied, Chlorella pyre- 
noidosa, first responded to selenomethionine at the 
relatively high concentration of 1 x 10~*°M (fig 5). 
The exponential rate of division, after a lag of ap- 
proximately 59 hours, was equal to that of the con- 
trol; the cultures appeared to be a normal green. 
The calculated number of mutants, had this growth 
solely been due to their presence in the inoculum, 
would be 8,500 in an inoculum of 3.0 x 10° cells/ml. 

The character of growth inhibition in Escherichia 
coli and in Torulopsis utilis differed from that ob- 
served with the algae. The effect was on the rate of 
growth rather than on the lag phase (fig 6). At the 
higher concentrations, cultures of E. coli exhibited 
a decline in optical density for the first hour or two 
before the onset of exponential growth. The sig- 
nificance of this early dip is unknown. Microscopic 
examination failed to reveal uncommonly large cells 
in the yeast cultures, or the filamentous forms of E. 
coli that are observed after treatment with other 
growth uncoupling agents. 

For only two of the microorganisms tested is there 
some biochemical data on which to base a comparison 
with Chlorella vulgaris. In cultures of a methionine- 
requiring mutant of Escherichia coli the analogue has 
been shown to substitute entirely for methionine and 
to support growth and division at a slightly reduced 
exponential rate through at least 100 generations 
(10,11). In Chlorella pyrenoidosa, the failure of 
selenomethionine to exert an effect, at concentrations 
that act markedly on Chlorella vulgaris, can be at- 
tributed to another mechanism. Since methionine 
itself is but negligibly incorporated into the pyrenoid- 
osa proteins and, in contrast to its utilization by C. 
vulgaris, will not serve as a sulfur source for growth 
(27, 28), a parallel situation may hold for selenometh- 
ionine. 

With respect to the biochemical locus at which 
selenomethionine inhibits division in C. vulgaris, in- 
terference in cell wall formation does not appear 
likely for the following reasons. The occurrence of 
pectins in algae that lack a middle lamella is uncertain, 
especially in view of recent analyses which failed to 
detect uronic acids in the cell wall of Chlorella py- 
renoidosa (19). Moreover, the analogue, rather than 
inhibiting transmethylation from methionine, which in 
higher plants participates in the synthesis of middle 
lamella components (6, 7,24, 27,28), actually per- 
forms as a substrate in rabbit liver and yeast trans- 
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methylation enzyme preparations (18). Uncou) jing 
in Chlorella vulgaris is more probably caused .y a 
synthesis of altered proteins that lack methionine, in 
spite of which the cells show striking increases ‘n a 
number of cellular activities (32). Undoubivdly 
some of the altered proteins continue to function and 
lead to the observed growth into giant cells. As 
precedent for such an interpretation one can cite ex- 
periments in which isolated bacterial amylase, con- 
taining ethionine, maintained its full activity (37), 
and particularly the experiments in which a methion- 
ine-requiring mutant of Escherichia coli used seleno- 
methionine for 100 generations of growth and division 
(10,11). Although uncoupled growth in Chlorella 
vulgaris seems to be accomplished by altered enzymes, 
the fact that division is prevented suggests that the 
integrity of other proteins, necessary for the division 
mechanism, must be maintained. Inasmuch as seleno- 
methionine differs from methionine only by the sub- 
stitution of the sulfur atom, it may be inferred that 
this integrity requires the methionine sulfur atom. 


SUMMARY 


The ability to uncouple growth from division in 
cells of Chlorella vulgaris, a property of selenometh- 
ionine, was tested with six other methionine analogues. 
None were capable of this type of biological specificity. 
Ethionine and methionine sulfoximine differed in their 
patterns of growth inhibition but never completely 
prevented growth. Preincubation of media that con- 
tained these analogues markedly reduced their toxicity. 
Norvaline, methionine sulfoxide, norleucine, and 
methoxinine caused slight inhibition and only at rela- 
tively high concentrations. These last two analogues 
gave rise to chlorotic cells. 

The growth response of four other microorgan- 
isms to selenomethionine was also studied, but un- 
coupling was not detected. Chlamydomonas _rein- 
hardi and Chlorella pyrenoidosa did, however, show 
increases in lag as the concentration of the selenium 
analogue was raised. The rate of growth of Escheri- 
chia coli was slowed, and high concentrations caused 
a decrease in optical density before the onset of ex- 
ponential growth. The effect on Torulopsis utilis was 
primarily a decline in the growth rate. 

The specific uncoupling action of selenomethion- 
ine on cells of Chlorella vulgaris is discussed in terms 
of the known biochemical properties of the analogue. 
It is proposed that two classes of cellular proteins 
exist: one involved in growth of the cell and in which 
methionine may be replaced by selenomethionine ; the 
other more directly concerned with the division mech- 
anism and whose proteins must retain their integrity 
insofar as replacement of methionine by selenometh- 
ionine is concerned. 
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INTRODUCTION 


Under normal conditions of growth, riboflavin is 
synthesized by all higher plants and is utilized as a 
prosthetic group by various flavoprotein enzymes 
(12). Pound and Welkie (11) observed the presence 
of a yellow pigment in the nutrient solution of to- 
bacco plants grown in the absence of iron. Physical 
and chemical tests indicated that the pigment was 
riboflavin, and it was suggested that the deficiency of 
iron interferes with the utilization of the riboflavin 
as a prosthetic group of flavoprotein enzymes, which 
results in the accumulation of riboflavin in the plant 
and excretion by the roots. Increased synthesis of 
riboflavin by yeast (Candida quilliermondia) grown 
under conditions of low iron nutrition has been re- 
ported by Tanner et al (16) and Burkholder (2). 

This research was initiated to investigate further 
the relation of iron nutrition and flavin concentration 
in tobacco plants. The appearance and disappearance 
of riboflavin in nutrient solutions was studied in rela- 
tion to iron concentration in the nutrient solution and 
the concentration of riboflavin within whole plants, 
roots, and leaves. Concentrations of riboflavin, 
flavin adenine dinucleotide (FAD), and flavinmono- 
phosphate (FMN) in normal and iron-deficient plant 
parts were determined. Enzyme assays of a non- 
iron, flavoprotein enzyme, nitrate reductase (10), 
and a possible iron, flavoprotein enzyme, cytochrome 
reductase (10), were determined. 


MATERIALS AND METHODS 


RrporLavin, FAD, anp FMN DETERMINATION: 
The extraction of flavin compounds as outlined by 
Bessey et al (1) was followed. Tissue from tobacco 
plants was ground in an Omni mixer (Ivan Sorvall, 
Inc., Norwalk, Conn.) with 20 times its volume of ice 
water and mixed immediately with an equal volume 
of 20 per cent trichloroacetic acid. After centrifug- 
ing, an aliquot of the supernatant was neutralized with 
4M K,HPO,. A second aliquot of the solution was 
stored in the dark at 38° C overnight to produce hy- 
drolysis of FAD to FMN. After hydrolysis this 
sample was neutralized with K,HPO,. FAD was 
determined by differences in the fluorescence between 
the hydrolyzed and unhydrolyzed sample as outlined 
by Bessey et al (1). Free riboflavin was determined 
by shaking an aliquot of the’ unhydrolyzed sample 
with equal volumes of water-saturated benzyl alcohol. 


1 Received November 18, 1959. 
2 This investigation was supported in part by a Na- 
tional Science Foundation Grant. Approved as Utah 
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An aliquot of the benzyl alcohol layer was mixed with 
an equal volume of water, which was 0.05M with 
respect to sodium acetate and acetic acid, an! 15 
volumes of water-saturated toluene. An aliquot o/ the 
aqueous layer was then assayed fluorometrically for 
riboflavin (1). FMN was calculated by subtra: ting 
FAD and free riboflavin from total riboflavin (1). 
The above procedure proved reliable when known 
concentrations of FMN, FAD, and riboflavin were 
assayed. 

Riboflavin in the nutrient solution was determined 
fluorometrically (1) and identified by paper chroma- 
tography on Whatman No. 3 paper with a solvent of 
n-butanol-water-acetic acid, 5-4-1 (3). 


CULTURAL TECHNIQUES: Tobacco seeds were 
germinated in Vermiculite and the seedlings trans- 
ferred to a medium of expanded pumice, which was 
irrigated daily with Hoagland’s nutrient solution. 
After two to three weeks the plants were transferred 
to polyethylene gallon pots containing Hoagland’s 
nutrient solution minus iron. The normal require- 
ment of iron (4 ppm) was added to some pots which 
served as controls. All major salts were purified 
(15) to remove heavy metals and distilled water was 
run through a mineral deionizer to eliminate iron con- 
tamination in the nutrient solution. Solutions were 


adjusted daily to pH 5.5 with NaOH and HCl. The 
nutrient cultures were light-free and well aerated. 
ENZYME PREPARATION: A crude extract was 


prepared using the youngest fully-expanded leaves 
from tobacco. Two grams of leaf tissue was ground 
with 10 ml 0.05 M Tris (hydroxymethyl aminometh- 
ane) buffer at pH 7.4 in a mortar and then homo- 
genized in a Ten Broeck homogenizer. The material 
was centrifuged at 25,000 x G for 15 minutes and 
the supernatant used as the enzyme extract. All 
preparations were carried on at 1 to3° C. This crude 
extract was used for enzyme assays in both nitrate 
reductase and cytochrome reductase studies and con- 
tained from 4 to 8 mg protein per ml (7). 


ENnzyMeE Assays: Nitrate reductase activity was 
determined by colorimetric determination (14) of the 
nitrite formed in 20 minutes at 28°C. The reaction 
mixture in a final volume of 0.5 ml contained the 
following constituents in # moles (5): 27 pyrophos- 
phate buffer at pH 7.0, 10 KNO,, 0.1 TPNH, 0.04 
FMN, 0.5 NH,OH-HCI and extract containing 0.8 
to 1.6 mg protein. The reaction was stopped after 
20 minutes by the addition of 0.5 ml of 1 per cent 
sulfanilamide followed by the addition of 0.5 ml of 
0.02 per cent N-(1-napthyl) ethylenediamine hydro- 
chloride. Two ml of water was added to each tube 
and the mixtures were centrifuged to remove protein. 
Optical density was determined at 540 me with a 
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Beckman DU. Controls were run in each experiment 
py stopping the reaction at zero time by adding sulfa- 
nilamile before the enzyme was added. 

Cytochrome reductase activity was determined as 
outlined by Mahler et al (10) and Evans (4). The 
reaction mixture in a final volume of 3 ml contained 
the following constituents in # moles: 50 Tris buffer 
at pH 7.4, 0.044 oxidized cytochrome c, 0.013 FMN, 
0.2 DPNH, and extract containing 0.4 to 0.8 mg pro- 
tein. The reaction was started with the addition of 
DPNH and followed spectrophotometrically at 550 
me with a Beckman DU. The reaction rate remained 
linear for at least two minutes. 


EXPERIMENTAL RESULTS 


The iron nutrition of tobacco plants influences 
the amounts of riboflavin detected with time in nu- 
trient solutions (fig 1). The low riboflavin content 
detected in the control solutions after 4 days plant 
growth remained unchanged with time, whereas the 
riboflavin content of the iron-deficient nutrient solu- 
tions progressively increased from 4 days until it 
reached a maximum at 14 days. Fourteen days after 
initiation of the experiment, the control nutrient solu- 
tion contained 0.3 x 10~* ug/ml riboflavin and the 
iron-deficient nutrient solution contained 249 x 107° 
ug/ml riboflavin. 

Adding a full complement of iron to iron-deficient 
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and the control received no iron. 
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nutrient cultures at a time when chlorosis was per- 
ceptible in the tip leaves and riboflavin was rapidly 
accumulating in the nutrient solution, resulted in a 
decrease in the riboflavin content in the nutrient 
solution with continued growth of the plants (fig 2). 
The presence of iron in the nutrient solution did not 
result in immediate decrease of the riboflavin. At 
the time iron was added the riboflavin content was 
162 x 107-* ug/ml. Within 24 hours the nutrient 
solution contained 237 x 107% ug/ml riboflavin after 
which the level of riboflavin rapidly decreased until 
it reached the low level of 11 « 107% ug/ml 48 hours 
after adding iron. The riboflavin in the iron-deficient 
cultures continued to increase during this same period. 
When plants were removed from iron-deficient nu- 
trient solutions containing riboflavin and iron added, 
no change in the riboflavin content of the solution 
occurred. Adding iron (4 ppm) to pure solutions of 
riboflavin also had no effect on the measurable amount 
of riboflavin in solution. 

The disappearance of riboflavin from nutrient 
solutions containing iron was studied in relation to 
normal plants. When concentrations of 220 x 107% 
#g/ml riboflavin were placed in nutrient solutions 
supporting actively-growing plants, the riboflavin 
content was reduced to 0.3 x 107% #g/ml within 48 
hours. If, however, the leaves were removed from 
plants and the roots allowed to remain in normal nu- 
trient solution containing 275 x 107% ug/ml riboflavin 
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TABLE [ 


CONCENTRATIONS OF FAD AND RIBOFLAVIN IN TOBACCO 
LEAVES AS RELATED TO [RON IN NUTRIENT SOLUTIONS 





RIBOFLAVIN 


DAyYs AFTER (FMN + FREE 








TREATMENT TREATMENT FAD RIBOFLAVIN ) 
INITIATION 
1 MOLES/G FRESH WT* 
Control 17 1.4 a7 
Fe deficient 17 Trace 17.1 
Control 21 2.7 2.3 
Fe deficient 21 12 14.6 





* Data are averages of three replications. 


no decrease in riboflavin content of the nutrient solu- 
tion was observed in 48 hours. In contrast to this, the 
placement of excised leaves in normal nutrient solu- 
tion containing riboflavin resulted in a decrease of 
the riboflavin content from 530 x 107% to 22 x 1073 
#g/ml within 24 hours. 

In order to confirm the hypothesis that iron-defi- 
cient tissues were excreting riboflavin as a result of 
increased concentration of riboflavin in the leaves, 
samples of normal and iron-deficient leaf tissue were 
assayed for free riboflavin and FMN, and also for 
FAD. The FAD concentration of chlorotic leaves 
was slightly less than the normal, 17, and 21 days 
after the treatment initiation (table I). However, 
a six-fold increase of riboflavin (FMN + free ribo- 
flavin) was found in the iron-deficient leaves over 
that found in the control leaves. 

Since the flavin content of iron-deficient tissue 
was markedly increased over that of normal tissue, it 
was thought desirable to assay flavo-enzymes. The 
activities of cytochrome reductase and nitrate reduc- 
tase were determined on normal and iron-deficient 
tissue. The protein content of chlorotic leaves was 
25 to 30 per cent less than that of normal leaves. 

Whether the decrease in protein was a general 
decrease of all protein or a decrease of one specific 
protein was not known, however, it was presumed 
that most of the decrease was associated with protein 
of the chloroplast. Consequently, enzyme activity 
was based upon dry weight of the tissue. Preliminary 


experiments showed no significant difference ‘1 the 
water content of normal and chlorotic leaves. <yto. 
chrome reductase activity was 18 to 29 per cei! less 
in extracts from chlorotic leaves than in extracts 
from normal leaves (table I1). Nitrate red:ictase 
activity was similar in extracts from both chi. rotic 
and healthy leaves. Had the enzyme activities been 
calculated on a protein basis, the chlorotic tissue would 
have yielded greater enzyme activities than the normal 
tissue. 

Since the large increase in total riboflavin in iron- 
deficient tissue was a composite of both FMN and 
free riboflavin, further assays were made to determine 
the content of both FMN and free riboflavin on an 
individual basis, as well as FAD, in normal and iron- 
deficient leaf tissue. The tissues were also assayed 
for nitrate reductase and cytochrome reductase activi- 
ties. The comparable amounts of FAD, FMN, free 
riboflavin, and total riboflavin (FAD, FMN, free 
riboflavin) found in normal and chlorotic leaves at 
three different periods are shown in table III. There 
was little difference in the FAD content of chlorotic 
and normal leaves and the content of FAD showed 
no correlation with length of treatment. FMN and 
free riboflavin increased with length of treatment in 
the chlorotic leaves and concentration of both at all 
harvest dates was markedly higher in the chlorotic 
leaves than in the normal leaves. The FMN concen- 
tration in chlorotic leaves was greater than that of the 
free riboflavin at each harvest, the difference being 
7 per cent at the first harvest (5 days) 48 per cent 
at the second harvest (9 days), and 39 per cent at 
the third harvest (16 days). At 5 days FMN was 
43 per cent of the total riboflavin but increased to 
55 and 63 per cent of the total riboflavin at 9 and 16 
days, respectively, after treatment. Free riboflavin 
decreased from 40 per cent of the total after 5 days 
treatment to 30 per cent after 9 days and increased 
to 38 per cent after 16 days treatment. After 16 days 
treatment total riboflavin compounds in the chlorotic 
leaf tissue amounted to more than eight times what 
was present in the normal leaf tissue. The results 
with flavo-enzymes were similar to the previous re- 
sults. Cytochrome reductase activity of the chlorotic 
leaf extract was reduced 30 to 40 per cent, whereas 
little difference was noted in the nitrate reductase 


TABLE II 


CYTOCHROME REDUCTASE AND NITRATE RebUcTASE ACTIVITIES OF EXTRACTS FROM 
Tosacco Leaves AS RELATED TO [RON IN NUTRIENT SOLUTIONS. 











CYTOCHROME REDUCTASE 
CHANGE/MIN 
x 10°/MG DRY 


DAYS AFTER O.D. 


TREATMENT TREATMENT 


NITRATE REDUCTASE 
#t MOLES NITRITE 
FORMED/HR xX _ 107/ 
MG DRY WT TISSUE* 











INITIATION we “rescue” a ee 3 - 
COMPLETE No TPNH : 
Control 17 24 10.0 0.9 
Fe deficient 17 17 9.4 0.8 
Control 21 22 7.8 1.5 
Fe deficient 21 y 1.4 





* Results are averages of three replications. 
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Ill 


Tospacco LEAVES AND CYTOCHROME AND NITRATE 


REDUCTASE ACTIVITIES FROM EXTRACTS OF TosBaAcco LEAvES AS RELATED TO IRON IN NUTRIENT SOLUTIONS 





FREE 


Days AFTER ,, = 
FAD FMN RIBOFLAVIN 


TOTAL 
RIBOFLAVIN 


NITRATE REDUCTASE 





CYTOCHROME REDUCTASE 





O.D. CHANGE/MIN 


H MOLES NITRITE 














TREATMENT TREATMENT FORMED/HR xX 10?/ 

ENETINTION Ht MOLES PER G FRESH WT* x ies : er ee 
WT TISSUE 
COMPLETE No TPNH 

Control 5 12. 01 14 27 Ne oe 

Fe deficient 5 1.6 4.3 4.0 9.9 

Control 9 0.5 0.5 0.8 1.8 26 5.5 Sj 

Fe deficient 9 28 9.6 5.0 17.4 16 52 1.4 

Control 16 1.1 Trace 1.2 2.3 34 15.4 3.7 

Fe deficient 16 0.5 11.4 7.0 18.9 24 14.2 3.0 








* Results are averages of three replications. 


activity of comparable chlorotic and normal green leaf 
tissue. 

The concentration of total riboflavin in various 
tissues of an iron-deficient, chlorotic plant was de- 
termined. The concentration of riboflavin was high 
in all leaves of the iron-deficient plant, which in- 
cluded the extremely chlorotic apical leaves and the 
non-chlorotic, basal leaves (table 1V). The youngest, 
fully-expanded leaves, which were partially chlorotic, 
contained a significantly greater amount of riboflavin 
than any of the other leaves or plant tissues. The 
stem contained only about one per cent the amount of 
riboflavin found in the leaves; however, the roots 
contained about the same as that found in the leaves. 


DISCUSSION 


The results clearly indicate that tobacco grown in 
nutrient solution sufficiently low in iron to induce 
chlorosis resulted in the excretion of large amounts 
of riboflavin. It is also of some significance that 
riboflavin could be detected in small quantities (0.3 
x 10~% pg/ml in nutrient solution containing the 
normal requirement of iron after tobacco plants were 
allowed to grow in these solutions for as short a time 
as 4 days. The concentration of riboflavin in the 
complete solutions did not, however, increase with 


TABLE IV 
ToraL RiporLAvin (FAD, FMN, Free RIeoFLAvIN) IN 
TissuE oF CHLorotic Tosacco PLANT GROWING 
16 Days IN Fe-DEFICIENT NUTRIENT SOLUTION 











. TOTAL’ RIBOFLAVIN 
PLANT TISSUE —— | MOLES/G 
= = FRESH WT 
3 Apical leaves Yellow 10.6 
Next unexpanded leaf Yellow-green 10.6 
2 Middle expanded Yellow-green 15.4 
leaves 
2 Basal leaves Green 8.0 
Stem 0.1 


10.4 








time as it did in the iron-deficient solutions. The ex- 
cretion of riboflavin by the roots of plants may be due 
to establishment of an equilibrium of the uncomplexed 
flavin with the external medium. The _ increased 
quantities of riboflavin that accumulate in iron- 
deficient nutrient cultures may be the direct result 
of higher concentrations of riboflavin within the iron- 
deficient plants. It is suggested that when riboflavin 
concentration is increased, larger amounts of ribo- 
flavin are translocated to the roots and excreted into 
the nutrient solution. 

The disappearance of riboflavin from nutrient 
solutions upon adding iron and continued plant growth 
can most reasonably be interpreted as reabsorption 
by the plant. Without plant growth after adding iron, 
the riboflavin content in the nutrient solution was 
unchanged. The possible excretion of a reducing 
compound by growing plants in the presence of iron 
was considered as an explanation for the disappear- 
ance of the riboflavin. This does not seem reason- 
able, however, in view of the fact that riboflavin is 
easily oxidized with atmospheric oxygen and the 
fact that nutrient cultures were sufficiently aerated. 
Also, the disappearance of riboflavin from cultures 
containing excised leaves, but not from cultures con- 
taining defoliated plants, suggests a movement into 
the leaves. Adding large amounts of riboflavin to 
normal nutrient solutions supporting plant growth 
resulted in the total disappearance of the riboflavin 
within 48 hours. Assays of the riboflavin content 
of these plants, however, showed the content was no 
greater than that of normal control plants that did 
not receive any riboflavin. It is conceivable that 
the leaves are the site of degradation of riboflavin, 
and any excess riboflavin that may be translocated 
from the roots to the leaves will be degraded and 
metabolized. 

There is no specific report that riboflavin is syn- 
thesized in plant leaves but on the basis of its high 
concentration in leaves and its requirement for ex- 

cised root growth, the leaves have been considered 
the site of synthesis (12). Since riboflavin is sub- 
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ject to photolytic degradation it is possible that much 
of that which is synthesized within the leaves normal- 
ly is subject to photolytic degradation. The increased 
concentration of riboflavin in iron-deficient leaves 
may be due to reduced degradation, the rate of which 
is possibly dependent upon the level of iron in the 
leaves. With respect to this hypothesis, it is of some 
interest that Sakai (13) reported the acceleration of 
aerobic photolysis of riboflavin by iron compounds. 

Nitrate reductase activity was not appreciably 
effected by low iron or increases in FMN and free 
riboflavin. Evans (5) concluded that nitrate reduc- 
tase from soybean contained FAD as the principal 
flavin nucleotide. Consequently, one would expect 
no significant change in nitrate reductase as long as 
enzyme protein synthesis, FAD, and NO, levels re- 
mained constant in iron-deficient plants. 

Cytochrome reductase, an iron-flavoprotein in 
animal tissue, showed a marked decrease in activity 
in chlorotic tobacco leaf tissue. In muscle and Neu- 
rospora (10) this same iron-flavo-enzyme has been 
reported to contain FAD as the principal flavin nu- 
cleotide. Cytochrome reductase from soybean is 
equally efficient with FAD or FMN, however, the 
native flavin nucleotide has not been determined (4). 
Since FMN is an efficient nucleotide for enzyme ac- 
tivity, one might have expected the large increase of 
FMN in iron-deficient plants to stimulate enzyme 
activity. The enzyme activity was, however, sig- 
nificantly reduced. This may have been due partially 
to the reduced iron level, but it also is probably due to 
the increased concentrations of FMN and riboflavin 
which actually inhibited cytochrome reductase activi- 
ty. Mahler (8) reported that FAD at 10~*M and 
riboflavin at 10~*M completely inhibited the en- 
zymatic activity of cytochrome reductase from heart 
muscle. FMN showed 50 per cent inhibition at 
10~* M. The levels of FMN and riboflavin in iron- 
deficient leaves were within the range of concentra- 
tions that inhibit cytochrome reductase activity. 

It is possible that the increase in total riboflavin 
in iron-deficient plants contributes to additional 
metabolic disturbances associated with chlorosis, such 
as factors influencing growth. Growth substances 
such as indoleacetic acid and other compounds con- 
taining the indole nucleus are rapidly destroyed by a 
riboflavin-catalyzed photo-oxidation (6). Destruc- 
tion of these growth substances would severely retard 
plant growth. 


SUMMARY AND CONCLUSIONS 


Riboflavin apparently is excreted in trace quanti- 
ties from the roots of tobacco plants grown in nutrient 
solution, but a deficiency of iron in the nutrient solu- 
tion results in a 1,000-fold increase in the amount of 
riboflavin excreted. A deficiency of iron also brings 
about ten-fold increases in the concentrations of free 
riboflavin and FMN in tobacco leaves but does not 
change the FAD level. 

The disappearance of riboflavin from the nutrient 
solution of iron-deficient plants upon adding iron and 
the continued growth of plants in the nutrient solution 


indicate that riboflavin is reabsorbed by the plant 
roots. Adding riboflavin to normal nutrient s: ‘ution 
supporting normal plants also results in disa: pear. 
ance of the riboflavin within 48 hours. The in bility 
to note an increase in riboflavin in such plant- after 
48 hours suggests a possible degradation of ti e ab- 
sorbed riboflavin. 

The increased free riboflavin and FMN in iron- 
deficient leaves had no enhancing effect upo. the 
activity of the two flavo-enzymes tested. Cytoc!:rome 
reductase activity was actually decreased and may be 
accounted for by an inhibitory effect of riboflavin and 
FMN. 
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INFLUENCE OF GIBBERELLIC ACID ON SETTING AND 
DEVELOPMENT OF FRUITS IN TOMATO *? 
FELIX G. GUSTAFSON 


DEPARTMENT OF BoTANy, UNIVERSITY OF MICHIGAN, ANN ARBOR 


Considering the total number of investigations 
concerned with gibberellic acid those dealing with 
fruits are relatively few (1-13). Gibberellic acid 
(GA) is capable of inducing parthenocarpy (1, 3, 
5,6,7,13), but whether or not fruit setting is in- 
creased at the same time is not known (4,6, 12). 
Several investigators found no increase in fruit size 
with GA treatment (4,6,10), but investigators did 
find considerable increase in the size of the grape 
berry (8,9,10,11). There is thus room for more 
work with GA on fruiting. In 1957 the writer set 
up three experiments for studying the effect of GA 
on setting and development of fruit in Lycopersicum 
esculentum Mill. var. John Baer. 

Early in February an experiment with 2 foot John 
Baer tomato plants in 6 inch pots was set up in the 
greenhouse. The purpose was to make a compara- 
tive study of indoleacetic acid, 2, 3, 6-trichlorobenzoic 
acid and gibberellic acid on induction of partheno- 
carpic fruits. These growth regulators were incor- 
porated in lanolin pastes both alone and in combina- 
tions with GA in the following concentrations: 1.0 
and 0.5% IAA; 0.1 % 2,3,6-TCBA; 1.0 and 0.5% 
GA; 0.5% IAA + 0.5% GA, and 0.1% 2,3,6- 
TCBA + 0.25% GA. These pastes were applied 
to the cut surface of the pistil of emasculated flower 
buds, ready to open. Only the first two buds in each 
cluster were used; the others were removed. 
Seventy-four mature fruits were harvested. Of 
these, 16 produced by pollination were seeded; all 
others were seedless. The seedless fruits produced 
by applying growth regulators were a little smaller 
than the seeded ones. The GA treatment alone in- 
duced parthenocarpy; adding growth regulators to 
the GA did not alter the percent setting or the size 
of the fruits. This is different from the report of 
Luckwill (3), in which he states that there was a 
synergistic effect when the growth regulators were 
added to GA. 

In late April a second experiment was started 
(also in the greenhouse), with 36 plants approxi- 
mately 30 inches tall. In this experiment there was 


' Received November 20, 1959. 
2 Paper from the Department of Botany, University 
of Michigan, No. 1105. 



































































no attempt to produce parthenocarpic fruits but only 
to study the effect of GA on setting and size of 
fruit. Because the plants were not all ready at the 
same time the experiment was divided into two parts. 
As soon as the flowers and flower buds were ready, 
20 plants were selected ; the first three clusters of ten 
plants were sprayed with 70 ppm GA; ten other plants 
were sprayed with water. 

Several weeks later eight plants were sprayed 
with 35 ppm GA and eight others with water. At 
the time of spraying clusters, one had a few recently 
set fruits, flowers, and buds; clusters two had flowers 
and buds; and clusters three had only small buds. As 
the fruits matured they were harvested, counted, 
weighed, and sectioned for observation as to seed 
and pulp conditions. It is seen in table I that spray- 
ing the tomato flowers or buds increased setting but 
the fruits were smaller and the total yield was de- 
creased by the GA. Many of the GA treated fruits 
were only partially seeded; some lacked locules. 

In late May, 1957, 76 John Baer tomato plants 
were planted in the field. By June 9 the flowers of 
the first cluster were opening and at that time this 
cluster was removed from 46 plants. The flowers 
and buds of 10 of the remaining 30 plants were 
sprayed with a solution of 70 ppm GA. A further 
group of ten was similarly treated with 35 ppm GA, 


TABLE I 


Ist 3 CLusTers SPRAYED WitH 0, 35, or 70 PPM 
GIBBERELLIC Acip. ALL 3 CLUSTERS 
SPRAYED AT SAME TIME 








TOTAL AVERAGE 





ToTaAL 
No. A WT wt/ 
TREATMENT PLANTS No. FRUITS FRUIT 
esteascins GRAMS GRAMS 
Control 10 55 3,850 70 
70 ppm GA 10 66 2,508 38 
Control 8 32 2,688 84 
35 ppm GA 8 45 3,375 75 
Summary 
Controls 18 87 6,525 75 
GA treated 18 111 5,990 54 





Note: At time of spraying the first clusters had a 
few recently formed fruits, flowers, and buds; clusters 
two had flowers and buds, and clusters three had only 
small buds. Many of the third clusters did not set any 
fruits. 
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while the remaining ten were sprayed with distilled 
water. On June 25 clusters two and three of all 76 
plants were sprayed. Plants 1 to 10 and 31 to 40 
were sprayed with 70 ppm GA, 11 to 20 and 41 to 57 
with 35 ppm GA, and 21 to 30 and 60 to 76 received 
only water. As the fruits ripened they were harvested 
and weighed. The number of fruits and their indi- 
vidual weights were carefully recorded per cluster 
per plant. This was done for five clusters, but only 
the three that were treated are reported here (table 
IT). 

From the table it will be seen that in cluster one 
GA was effective in increasing the number of fruits 
produced per cluster and the total weight of fruit per 
cluster, but not the size of the fruit. The latter fact 
is not surprising as the size of the fruit in the tomato 
is associated with the number of fruits in a cluster. 
The increased setting in cluster one of plants which 
were sprayed with GA is in accord with the observa- 
tions of many investigators, including the writer, on 
plants so treated with growth regulators. The nat- 
ural setting in the first cluster is always low, but this 
is materially increased by hormone treatment. The 
explanation for this may be deficient pollen produc- 
tion and low auxin content due to low temperature 
early in the season. In clusters two and three GA 
treatment did not produce an increase in setting or 
an increase in total weight of fruit produced. 


DISCUSSION 


Luckwill (3) found that when flowers of the to- 
mato variety Blaby were sprayed with a solution con- 
taining both IAA and GA the size of the resulting 
fruits was more than twice as large as when sprayed 
with one of the components alone, that is, there was 


TABLE II 


SUMMARY OF WorK Done IN FIELD WITH 
GIBBERELLIC ACID 





CLUSTER No Avec. No. Avc. wt/ AvcG. wt/ 
AND See FRUITS/ CLUSTER FRUIT 
? PLANTS 
TREATMENT 


CLUSTER GRAMS GRAMS 





Plants with 1st, 2nd, and 3rd clusters sprayed* 


3.9 435.7 111.7 
35 ppm GA 9 2.0 226.0 113.0 
Water 9 1.1 133.0 119.8 
2&3 
70 ppm GA 10 3.8 447.6 116.3 
35 ppm GA 9 23 322.5 141.6 
Water 9 4.3 493.8 115.4 


Plants with 1st cluster removed and only clusters 
2 and 3 sprayed with gibberellic acid 
2&3 


70 ppm GA 10 3.2 353.7 110.5 
35 ppm GA 18 43 450.0 106.1 
Water 16 5.6 835.0 147.7 





*On June 9 the flowers of the first cluster were 
sprayed with 70 ppm, 35 ppm GA, or distilled water. On 
June 25 the flowers in clusters 2 and 3 of these plants as 
well as those in part 2 of this table were sprayed with 
70 ppm, 35 ppm, or distilled water. 


a synergistic action. This has not been o! served 
with John Baer, although many flowers were ‘ -eated, 
The amount of chemical applied to each flo er py; 
Luckwill was small and when the concentrat'on oj 
the growth regulators was doubled by the app! cation 
of both IAA and GA there may have been an « xcess- 
ive growth. Again different varieties of tomato may 
respond differently. ; 

The present results are in agreement with the 
findings of other investigators (4, 6,12) of the ‘omato 
in that the GA treatment does not increase the size 
of the fruit. The effect on setting seems to vary, 
thus two investigators (6,12) report an increase, 
whereas one (4) reports no increase. The reports 
available on seedless grapes (8,9, 10,11) all agree 
that with some concentrations the size of the berry is 
increased. The photographs of treated clusters show 
that the clusters are more open, suggesting fewer 
berries. This in itself would increase the size of the 
fruit. 

This writer is inclined to the view that in the to- 
mato GA is of doubtful value except early in the 
spring, when natural setting is low. The production 
of more open clusters in the grape accompanied by 
larger berries may be of benefit in reducing fungus 
infection. 


SUMMARY 


Gibberellic acid induced the production of seedless 
fruits on the tomato. When flowers and flower buds 
of the first three clusters were sprayed with GA, 
setting was enhanced, but total weight of fruits pro- 
duced by the plant was reduced. When flowers and 
flower buds of the first cluster of field grown plants 
were sprayed with GA the number of fruits set and 
the total weight of fruit per cluster was increased. 
This response did not occur in the subsequent clusters 
similarly treated. 
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INFLUENCE OF BORON ON ENZYMATIC REACTIONS ASSOCIATED 
WITH BIOSYNTHESIS OF SUCROSE ** 


W. M. DUGGER, JR °, 


It has been proposed that boron enhances the up- 
take and transport of sugars in plants (9, 10, 24). 
The hypothesis that this effect was caused by the 
formation of a borate-sugar complex which facilitates 
the absorption and transport of added sugar or photo- 
synthate, however, has not been accepted by all in- 
vestigators (17,22). 

In addition to the proposed effect of boron on up- 
take of sugar in plants it has been suggested that the 
element may influence transport of sugars by inhibit- 
ing starch phosphorylase (7). This observation has 
prompted a more comprehensive investigation of the 
carbohydrate metabolism of plants as influenced by 
boron. The phase of this work reported here is con- 
cerned with the enzymatic reactions of UDPG and 
sucrose biosynthesis as recently developed by Leloir 
and coworkers (4, 14,20) and others (1,8, 11, 21, 26, 
27,28), and the effect of boron on these reactions. 
These reactions are: 


I. Uridine triphosphate (UTP) + Glucose-1- 
phosphate (G-1-P) =————=— Uridine 


diphosphate glucose (UDPG) + pyrophos- 
phate (PP) 


II. A. UDPG + fructose =——— Sucrose 
+Uridine diphosphate (UDP) 
B. UDPG 4+ Fructose-6-phosphate 
(iP) 
+ UDP 








Sucrose-phosphate 


1 Received November 25, 1959. 

* Florida Agricultural Experiment Station Journal 
Series, No. 782. This work was supported, in part, by 
the United States Atomic Energy Commission. 

’ Present address: Air Research Laboratory, Citrus 
Experiment Station, Riverside, Cal. 
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Ill. UDP + Adenosine triphosphate (ATP) 


== UTP + Adenosine diphosphate 


(ADP) 


MATERIALS AND METHODS 


Seven day-old pea seedlings (Pisum sativum L., 
var. Emerald), grown in the dark at 23°C, were 
harvested and immediately frozen in liquid air. While ~ 
frozen the seedlings were ground to a powder (here- 
after referred to as homogenate), quickly separated 
into 1 gram samples, and transferred to reaction 
flasks containing 0.5 ml of 2M Tris (hyroxymethy])- 
aminomethane buffer pH 7.2, 0.4 ml of 0.1 M G-1-P, 
0.2 ml of 0.1 M MgCl., 0.4 ml of 0.02 M UTP, 0.2 ml 
of 0.1 M ATP, 0.4 ml of 0.1 M fructose-C'* (specific 
activity of 1 #c/mg), 0.1 ml of yeast inorganic pyro- 
phosphatase, and sufficient water or 0.1 M boric acid 
to make a total volume of 4.2 ml. In the center well 
of the flask was placed 0.2 ml 20% KOH. Immedi- 
ately after adding the ground plant material, the flask 
was stoppered and placed in a water bath adjusted to 
35°C. After an incubation period of 4 hours, 20 ml 
of boiling 90 % ethanol was added to stop the reaction 
and the mixture was allowed to simmer on the hot- 
plate for 5 minutes. The suspension was filtered 
and the residue washed with hot 83 % ethanol. The 
filtrate was diluted to 50 ml before 10 ml aliquots 
were removed and concentrated to 3 ml. After clear- 
ing the filtrate with the Ba(OH), and ZnSO, method 
of Nelson (18), it was assayed for sucrose using 
chemical and chromatographic techniques. The 
chemical procedures were; A. Resorcinal method of 
Roe (23) as modified by Cardini, et al (4) to meas- 
ure sucrose and, B. Specific glucose oxidase method 


(7,29) to measure glucose before and after inverting 


the sucrose. 
propanol-water-NH,OH (16:3:1) 


Chromatograms were developed in n- 
(27) and the 
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sugars were located by spraying with p-anisidine. 
The areas on the chromatograms containing the sugars 
were cut into 2 cm strips and the sugars eluted with 
water. The sugars were assayed chemically as just 
described and the products of hydrolysis were chro- 
matographed on paper and the R,’s obtained com- 
pared to known glucose and fructose. Radioactivity 
was determined in a windowless flow counter. Other 
chromatograms were placed in contact with Eastman 
no-screen X-ray film for radioautographic detection. 
In experiments where glucose-C!* was used instead 
of fructose-C'*, hexokinase and phosphoglucomutase 
were also added to the reaction mixture. 

Uncleared aliquots of the alcohol solution were 
concentrated and chromatogramed in ethanol-molar- 
ammonium acetate (7:3) pH 7.5 (20) to separate 
nucleotides. These compounds were detected by UV 
light. Areas showing fluorescence were cut out, 
eluted, and the eluate assayed for radioactivity. 
UDPG content was also determined enzymatically 
with UDPG dehydrogenase. 

Pea seeds were ground and extracted with acetone 
and ether as described by Turner (27). The dried 
powder was extracted with 0.2M NaHCO, for 3 
hours at room temperature, and the larger suspended 
particles were removed by low speed centrifugation. 
The supernatant was centrifuged at 20,000 G and the 
precipitate discarded. Cold, neutralized, saturated 
(NH,).SO, was added to the supernatant until the 
mixture was 80 % saturated and the precipitate col- 
lected by centrifugation (20 min at 20,000 G). The 
precipitate was dissolved in 10 ml of water and di- 
alyzed against 0.025 M phosphate buffer, pH 7, for 
24 hours. This preparation will be referred to as 
A.S. preparation. Contrary to the results of Turner 
(27) activity of the enzymes was not lost by dialyzing 
longer than 6 hours. This preparation from pea seeds 
contained UDPG pyrophosphorylase, UDPG trans- 
glycosylase (saccharese), UDP kinase, myokinase, 
and nucleoside monophosphate kinase. 

Young sugar cane seedlings, (Saccharose offici- 
narium var. CP50-28), grown in soil under greenhouse 
conditions, were harvested 3 to 4 weeks after the stem 
bud germinated. The above ground parts were re- 
moved from the seed piece, cut into small sections, 


‘and immediately frozen in liquid air. The frozen 


material was ground with a large mortar and pestle 
and transferred to the reaction flasks for incubation 
with labeled sugars plus the same addenda that was 
used with the pea plant homogenate. 

When A. S. preparations were to be made, the 
frozen material was transferred to a square of nylon 
cloth placed in a funnel. As the material thawed, 
water was added (1 ml/gm tissue) prior to expressing 
the fluid from the tissue. The filtrate was centrifuged 
at 20,000 G and solid (NH,).SO, slowly added with 
stirring to 80 % saturation. The pH was maintained 
at 7 to 7.2 by adding 14 % NH,OH. The precipitate 
was separated by centrifugation and dissolved in 
water. After dialyzing against 0.025M phosphate 
buffer, pH 7, the preparation was stored in a deep 


freeze. UDPG transglycosylase activity, bi - not 
UDPG pyrophosphorylase activity was destro:ed by 
freezing and thawing repeatedly. : 

The reaction mixture used to determine (DPG 
pyrophosphorylase activity consisted of 0.1 ml «f 24 
Tris buffer, pH 7.2, 0.1 ml of 0.1 M G-1-P, 4.5 «moles 
of UTP, 0.05 ml of inorganic pyrophosphatas>, and 
0.05ml of 0.1M MgCl. One-tenth ml of A. S. 
preparation (0.8-1.6 ug N) was added to start the 
reaction after the reaction mixture was diluted to 0.9 
ml with water or 0.1 M borate, pH 7.2. 

UDPG transglycosylase was assayed by adding 
0.1 ml of the A. S. preparation (0.2-0.5 mg N) to 
0.1 ml of 2M Tris buffer pH 7.2, 0.1 ml of 0.1M 
fructose or F-6-P, 4.5 zmole UDPG, 0.05 ml of 0.1 M 
MgCl, and sufficient water or borate solution to make 
a total volume of 1.0 ml. 

UDP kinase activity was determined by adding 
the A. S. preparation to the reaction mixture contain- 
ing 0.1 ml of 2M Tris buffer, pH 7.2, 1 umole UDP, 
0.05 ml of 0.1 M MgCl, 0.05 ml of 0.1 M ATP, and 
sufficient water or borate solution to make a total 
volume of 1.0 ml. Where this reaction was coupled 
to the UDPG pyrophosphorylase reaction and assayed 
by the UDPG dehydrogenase method, 0.1 ml of 0.1 
M G-1-P was added. If the method of Berg and 
Joklik (2) was used, G-1-P was not added. 

In the coupled reaction of sucrose synthesis from 
UTP, G-1-P and fructose, these materials were added 
at the same levels as in the previous assay methods. 
MgCl, ATP, and A. S. preparation were also added 
at the same level as in the kinase studies. 

UDP, UDPG, UMP, UTP, Zwischenferment, 
hexokinase, and glucose-1-phosphate were supplied by 
Sigma Chemical Co.; ATP was obtained from 
Schwarz Laboratories. UDPG dehydrogenase was 
initially purchased from Sigma Chemical Co., but a 
more purified preparation was later made from fresh 
calf liver (25). Inorganic pyrophosphatase was 
prepared from bakers yeast by a modification of the 
method used by Heppel and Hilmoe (13). Adenylate 
kinase, 5’-adenylic acid deaminase, and phosphogluco- 
mutase were prepared from rabbit muscle (5, 16, 19). 

UDPG pyrophosphorylase assays were conducted 
in two ways; the first involved reacting UDPG and 
PP with the A. S. preparation. The G-1-P formed by 
the reaction could be measured by coupling with the 
phosphoglucomutase, glucose-6-phosphate dehydro- 
genase reactions and observing the change in OD.,, 
as TPN was reduced (15). The second method in- 
volved the oxidation of the produced UDPG to UDP- 
glucuronic acid by the enzyme UDPG dehydrogenase 
when the A. S. preparation was incubated with G-1-P 
and UTP. The change in optical density as DPN 
was reduced was followed at 340 mez (25). 

UDPG transglycosylase was assayed by measuring 
the formation of sucrose when UDPG and fructose or 
fructose-6-phosphate were incubated with the A. S. 
preparation. UTP and G-1-P were sometimes used 
as sources of UDPG if the UDPG pyrophosphorylase 
reaction was coupled to the UDPG transglycosylase 
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Sucrose was determined by the method of 


reaction. 
Roe (23) after fructose was destroyed by boiling 10 


minutes in 0.2N NaOH (4). In later experiments 
sucrose was hydrolyzed with invertase at pH 4.9 and 
the glucose determined by the specific glucose oxidase 
method previously reported (7). This method took 
longer than the resorcinol method but did avoid the 
disadvantage of color formations from the reactants. 
Blanks with boiled A. S. preparation or without 
UDPG gave readings of 0 to 10 on the Klett colori- 
meter after 24 hours incubation as compared to read- 
ings of 50 to 70 for the reagent blanks by the method 
of Roe. In the results given in the tables of this re- 
port sucrose was estimated by this latter method. 
UDP kinase was assayed by reacting UDP and 
ATP and measuring the formation of UDPG in the 
presence of excess glucose-1-phosphate and inorganic 


























pyrophosphatase. The method of Berg and Joklik 
(2) was also used to show the presence of UDP 
kinase. This involved the reactions: 
UDP + ATP = UTP. + ADP (UDP 
kinase ) 
2 ADP ===> ATP. +_ AMP (adenylate 
kinase ) 
AMP = IMP (inosine monophosphate ) 


+ NH, (adenylic acid deaminase) 








The reaction was followed by measuring the de- 
crease in absorption at 265 m# caused by the deamina- 
tion of AMP. 

Phosphorus was determined by the method of 
Dryer, et al (6), and nitrogen by Nesslerization. 



































75 ve 
KNOWN KNOWN 
- SUCROSE GLUCOSE “ia : 
6 * _— nn ° ————— 2 —— oo 
sit \ - 8 
z 2 § 
2 ac sof 
; ent] 
os Zs 
§ i 
20k Ps Sob 
° 
gan el = “| 
J ° =! 1 i 1 1 :\e 1 1 
15 2 23 25 oF 2aoxs 633 —% tS 4 . 8 10 «6 ~— 00 200 400 * 
"sionania ALONG CHR@MATOGRAM (CM) yg. N/mi. 
oF 
st. ~ 
2 é, 
Se. s : 
s G é 
6 a 
Hy La of x S r4 
4r 
6h 
° W/V = 0.97 
2 Kg * 0.0021 
SL 
l l 1 1 
1 1____1 1 1 . ' 2 3 4 
5 6 “a 9 10 Lure 210" 
Fic. 1. Radioactive assay of 2 cm strips cut from chromatograms of a reaction mixture in which sugar cane 


seedling homogenates were incubated with C14 glucose and other constituents. Known glucose and sucrose areas 
on the chromatograms are given for reference. 1. Reaction mixture contained no boron; 2. Reaction mixtures 
contained 10 “moles boron/ml. 

Fic. 2. Relationship of protein nitrogen of the pea enzyme preparation on the synthesis of UDPG by UDPG 
pyrophosphorylase. UTP concentration, 4.5 “mole/ml. 

Fic. 3. Effect of pH of the reaction mixture on the synthesis of UDPG by UDPG pyrophosphorylase from pea 
seed preparation. Tris buffer adjusted to indicated pH by HCI. 

Fic. 4. Effect of UTP concentration on the rate of UDPG synthesis. 
under Materials and Methods. 


The reaction mixtures were as described 
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RESULTS AND DISCUSSION 


The incorporation of glucose-C!4 into sucrose by 
sugar cane seedling homogenate was qualitatively in- 
dicated by chromatographic and _ radioautographic 
methods. The radioactivity of sucrose eluted from 
chromatograms indicated quantitatively the influence 
of boron on sucrose synthesis. Boron more than 
doubled the synthesis of sucrose from glucose-C"s, 
UTP, and fructose (fig 1). Hexokinase and phos- 
phoglucomutase in the reaction mixture enhanced the 
formation of sucrose from glucose-C'*. Previous 
studies have shown that the activity of hexokinase 
from yeast or pea seedlings is unaffected by levels 
of borate used in these experiments (7), nor does 
boron affect the enzymatic activity of rabbit phospho- 
glucomutase that was added to these systems to facili- 
tate the synthesis of C'* glucose-l-phosphate. In 
other experiments the spots corresponding to the 19 
to 21 cm portion of the chromatograms (fig 1) were 
eluted and sucrose identified colorimetrically and 
chromatographically as described in Materials and 
Methods. Table I shows the results of another ex- 
periment in which the influence of specific co-factors 
on the synthesis of sucrose was studied. The phos- 
phorylation and transformation of glucose to glucose- 
1-phosphate by added enzymes and ATP resulted in 
increased labeling of sucrose by the sugar cane ma- 
terial. Borate also increased the synthesis of sucrose 
in this experiment as shown in the last row of the 
table. 

Fructose-C!* was incorporated into sucrose by 
ground sugar cane and pea seedling homogenates as 
well as glucose-C!4, As glucose-1-phosphate was in- 
cluded in the reaction mixture, it was unnecessary to 


TABLE [| 


EFFect oF COFACTORS ON SYNTHESIS OF SUCROSE BY 
GRoUND SUGARCANE LEAVES 





RELATIVE RADIOACTIVITY 








EXPERIMENT SucrosE* UDPG** 

% % 

1. Complete 100 0 

-UTP 11 0 

_-fructose 11 61 

-hexokinase and phospho- 

glucomutase 5 0 
2. Complete 100 
-ATP 46 
-UTP 57 
-fructose 56 
10 umole B/ml 176 





*Chromatographed in propanol-water-NH,OH (16: 
#23) 

** Chromatographed in ethanol-ammonium acetate 
(7:3) pH 7.5 

Sucrose and UDPG spots eluted from chromatograms 
prior to radioactive assay. 

Complete reaction mixture. See Materials and 
Methods. 


TABLE II 


INFLUENCE OF Boron ON SYNTHESIS OF SUCROSE-C!! - Roy 
Fructose-C!* py PEA SEEDLINGS HoMOGENAT! 











Sucro 
a SUCROSE CHROMA »)- 
mass (#MOLE/GM ) GRAPH!) 
(C/M xX 11)3)* 
Pea seedlings 
(before incubation) 85 + 0 
Homogenate 
without boron 
(after incubation) 5:5 + 65 6.6 
5 umole B/ml 
(after incubation) 95 + 65 15.2 
10 umole B/ml 
(after incubation) 105 = 12 11.0 
15 umole B/ml 
(after incubation) 10.0 + 0.3 15.8 





* Chromatographed in propanol-water-NH,OH (16: 
3:1). Sucrose area eluted and counted in windowless 
flow counter. 


add hexokinase and phosphoglucomutase to obtain 
maximum labeling of sucrose from labeled fructose. 
Table II gives the results of an experiment in which 
ground pea seedling homogenate was incubated with 
fructose-C'* and other necessary ingredients for su- 
crose synthesis. Chemical and radioactive assay of 
the sucrose formed in 4 hours indicated: that borate 
increased the synthesis. The decrease in sucrose 
concentration from the initial value may possibly be 
accounted for by the respiration of the plant material 
during the 4 hours of incubation at 35° C, or by in- 
vertase action. However, it was found that boron had 
no effect upon the activity of commercial preparations 
of invertase. This was thoroughly checked prior to 
using the invertase and glucose oxidase assay method 
for determining sucrose synthesis. 

It was also found that boron had no effect on hexo- 
kinase or on phosphoglucomutase. These enzymes 
along with invertase would be implicated in the initial 
reactions leading to sucrose degradation. Thus, it 
appears that boron affects the synthesis of sucrose. 
The appearance of C'* in sucrose is no indication of 
net synthesis as sucrose utilizing and sucrose syn- 
thetic reactions are occurring. The data of table II 
show that there was no correlation between total 
sucrose and C'* content of the sucrose. The chemical 
methods of sucrose estimation are more reliable than 
the chromatographic method. 

Results with the homogenates pointed to a possible 
relationship between boron and enzyme systems as- 
sociated with sucrose synthesis. As mentioned in 
the previous section, A. S. preparations from sugar 
cane seedlings and pea seeds contained both UDPG 
pyrophosphorylase and UDPG _ transglycosylase. 
The A. S. preparation from sugar cane was less active 
than that from pea seeds, and on storage at —16° C 
the activity decreased at a greater rate than with 
the pea seed A. S. preparation. Therefore, the results 
reported in this phase of the work will be from experi- 
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TABLE III 


INFLUENCE OF BoroN ON SYNTHESIS OF SUCROSE BY 
ENZYME PREPARATIONS FROM PEA SEEDS* 





ENZYME PREPARATION 





Boron CONC 
(:MOLE/ML OF DIGEST) ** 1 2 
SucrosE (#MoLE/MGN ) 





0 0.60 0.72 
5 0.45 0.69 
10 0.52 0.56 
20 0.32 0.52 





* Incubation time, 30: minutes, temperature, 35° C. 
** Reaction mixture. See Materials and Methods 
section. 


ments using A. S. preparation from pea seeds. These 
results will also be limited to those experiments in 
which fructose was included as the acceptor of the 
glucose from UDPG in the transglycosylase reaction 
due to the observation that sucrose-phosphate syn- 
thesis from both pea seed and sugar cane seedling 
A. S. preparation was much less active than sucrose 
synthesis. This is in agreement with the results of 
Bean and Hassid (1) and Leloir and Cardini (14). 
Only after repeated extraction with 0.05 M ammoni- 
um sulfate were these latter investigators able to ob- 
tain an enzyme from wheat germ more active with 
fructose-6-phosphate as the acceptor of glucose than 
with fructose. The additional chemical steps neces- 
sary to estimate sucrose-phosphate synthesis in these 
experiments introduced errors often as large as the 
quantity of sucrose-phosphate determined. 

With boron included in the reaction mixture, su- 
crose synthesis was inhibited (table III). In con- 
trast to the results obtained using homogenates, boron 
caused a decrease in the amount of sucrose synthesized 
by the A. S. preparation. If the digests were incu- 
bated for 24 hours under a layer of toluene, or if anti- 
biotics were included to prevent microorganism 
growth, there was little if any effect of boron on 
sucrose synthesis. 

Contrary to the findings by Turner (27) for a 
similar preparation from pea seeds, it was found that 
DPN was not necessary for maximum sucrose syn- 
thesis, and further that ATP enhanced the synthesis 
in the coupled reaction (UTP + G-1-P + fructose 
=== UDP + PP + sucrose). In the experiments 
reported by Turner (27), 0.2 mg DPN and 34 “moles 
ATP were included per 0.9 ml digest. The enzyme 
preparation was dialyzed for 2 hours in 25 mM phos- 
phate buffer (pH 8) and the digest time was 19 hours. 
In experiments reported in this paper, where ATP 
inhibited the individual reactions and enhanced the 
coupled reaction, 0.25 mg DPN and 10 #moles ATP 
were included per ml of digest. The A. S. prepara- 
tion was dialyzed 24 hours in 25 mM phosphate buffer 
and the digest time was for shorter periods. In re- 
action periods longer than 12 hours it was found 
necessary to add a layer of toluene to the reaction 


mixture or include antibiotics to prevent the metabolic 
utilization of sucrose by microorganisms. Non- 
dialyzed or 2,4, and 6 hour dialyzed A. S. preparations 
from pea seeds reduced DPN; this was enhanced by 
adding cysteine. In a later paper by Hatch and 
Turner (12) it was shown that the 80 % ammonium 
sulfate precipitate from pea seeds contained all the 
enzymes necessary for oxidation of hexose to CO, 
and ethanol. The enhanced production of CO, by 
added DPN is associated with glycolysis and, in some 
way, as reported by Hatch and Turner (12), influ- 
enced sucrose synthesis. 

Because of the inconsistent results between the ex- 
periments using homogenates and those using A. S. 
preparations, a more thorough investigation of the 
individual reactions concerned with sucrose synthesis 
was attempted. 

The A. S. preparation catalyzed the reversible re- 
action UTP + G-1-P === UDPG + PP 
(15). At the concentration used in the overall re- 
action where sucrose synthesis from UTP, G-1-P 
and fructose was measured, 0.27 to 0.47 mg protein 
N was added with each 0.1 ml of enzyme preparation. 
However, in order to investigate the UDPG pyro- 
phosphorylase reaction a 1 : 300 dilution of the enzyme 
was necessary. Figure 2 shows the rate of UDPG 
formation as a function of A. S. preparation concen- 
tration at the level of reactants used in the assay. 

The optimum pH for this reaction was 7.2 to 7.4. 
However, there was an appreciable rate of reaction 
at lower and higher pH values (fig 3). Other in- 
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Fic. 5. Effect of fructose in the reaction mixture on 
the apparent UDPG synthesis. The change in OD,,, as 
DPN is reduced by UDPG dehydrogenase is proportional 
to the concentration of UDPG. 
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TABLE IV 


INFLUENCE OF Boron ON BIOSYNTHESIS OF UDPG By 
EXTRACT FROM PEA SEEDS 





UDPG conc 
BMOLE/10 ua N) 


1 


2.6 

2.5 

3.9 

5.1 
2 5.1 
40 


Boron CONC 
(#MOLE/DIGEST) * 











* Reaction mixture. See 


section. 


Materials and Methods 


vestigators have reported a similar pH optimum for 
this enzyme from plants (8,15). Only by diluting 
the enzyme 1: 300 was it possible to use the UDPG 
dehydrogenase method of assay (25) without notice- 
able pyrophosphorylase activity during the 15 to 20 
minutes it took to assay for UDPG. 

The rate constants for enzyme activity, as depend- 
ent upon UTP concentration are given in figure 4. 
The value of 0.0021 for K, is approximately ten times 
the value Ginsburg (11) reported for the reverse re- 
action catalyzed by a purified enzyme from Mung 
bean. When fructose was included in the reaction 
mixture the apparent synthesis of UDPG was less 
(fig 5). This decrease was caused by the utilization 
In short time ex- 


of UDPG in sucrose synthesis. 
periments and without ATP in the reaction, this de- 
crease in UDPG when fructose was added to the re- 
action mixture approximated the quantity of sucrose 
synthesized by UDPG transglycosylase. 

UDPG synthesis in the presence of boron was en- 


hanced. Table IV shows two experiments where 
approximately 100 per cent increase in UDPG for- 
mation in 1 hour was obtained by adding 10 and 20 
“mole B/ml. 

If the UDPG concentration was measured against 
time in the original reaction mixture where sucrose 
was synthesized from UTP, G-1-P and fructose in 
the presence of ATP the influence of boron appears 


TABLE V 


INFLUENCE OF Co-Factor ADDITION ON UDPG SynrTHEsIs 
BY UDPG PyropHosPHoRYLASE FROM PEA SEEps* 





REACTION 
MIXTURE** 


UDPG 
(H#MOLE/10 Mc N) 





Complete 
+DPN, 
+ATP, 


—Mgtt+ 
—Mgt+ 
+DPN, +Mg*t 
+ATP, +Mgtt 
+-Mg++, +ATP, +DPN 





* Incubation was for one hour at 35° C. 
** Reaction mixture. See Materials and Methods 
section. 
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to be that of maintaining UDPG in the mixture (see 
fig 6). if ATP was not included the UDPG \alue 
rose rapidly to a maximum and decreased to zero « ‘ith- 
in 4 hours. This indicates that the A. S. prepar: tion 
contains UDP kinase and that UDPG is resynthe-ized 
from UDP and ATP via UTP. An investigatic 1 as 
to what effect ATP, DPN, and Mg*t alone and 
in combination might have on UDPG synthesis s!: ows 





uw 


UDPG /mog.N 
Ld 


ymole 








l 1 
+ 16 
TIME (HRS) 








w 





i) 


SUCROSE (ymole per digest per 30 min) 








i l l l 
.008 OIG 024 032 04 
FRUCTOSE (mM) 

Fic. 6. Effect of ATP and boron on the level of 
UDPG maintained in the reaction mixture over a 24 
hour reaction period. 1. ATP and boron, 10 umole/ml; 
2. ATP; 3. No ATP. The reaction mixtures were 
as described under Materials and Methods. 

Fic. 7. Effect of fructose on the synthesis of sucrose 
by pea enzyme preparation. The reaction mixtures were 
as described under Materials and Methods. 
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TABLE VI 


INFLUENCE OF BoroN ON SYNTHESIS OF SUCROSE FROM 
UDPG anp FructTosE BY AN ENZYME 
PREPARATION FROM PEA SEEDS 








SucROSE 
(HMOLE/MG N) 


Boron CONC 
(#MOLE/ML) 


REACTION 
MIXTURE* 





— fructose 0 O15 + G2" 


complete je 
- 5 12 
. 10 1.0 
- 20 0.85 





* Reaction mixture. See Materials and Methods 


section. 
**Average of duplicate experiments. 


that ATP inhibits the UDPG pyrophosphorylase re- 
action (see table V). When this reaction is coupled 
to the transglycosylase and kinase reactions, however, 
ATP is necessary to maintain UDPG concentration 
(fig 6) and results in greater sucrose synthesis. 

UDPG transglycosylase activity was much less 
per unit of protein nitrogen than pyrophosphorylase 
activity. In all experiments where the two reactions 
were coupled together, UDPG was rapidly synthesized 
whereas sucrose was synthesized more slowly. 

The pH optimum for transglycosylase activity is 
7.2 as was also shown for preparations from wheat 
germ by Cardini et al (4). The effect of fructose 
concentration on the synthesis of sucrose is shown 
in figure 7. Boron inhibits this reaction (table VI). 
The magnitude of inhibition, however, is less than the 
magnitude of stimulation in UDPG synthesis. Table 
VII shows the effect of ATP and Mg*+ concentra- 
tion on the synthesis of sucrose by UDPG transglyco- 
sylase. As shown in this table and table V, ATP 
inhibits synthesis of UDPG and sucrose in the single 
reactions, but in the coupled system the addition of 
ATP facilitates the resynthesis of UDPG and the 
synthesis of sucrose. When the UTP concentration 
was reduced to a value less than substrate amounts 


TABLE VII 


INFLUENCE OF ATP anno Mott on SYNTHESIS OF 
SucRoOsE FROM UDPG aANnp FRUCTOSE BY AN 
ENZYME PREPARATION FROM PEA SEEDS 











ATP 


SUCROSE 


Mc* + 
(#MOLE/ML) 


3.8 

5.5 

6.1 

6.1 

: 6.3 

10 : 4.2 
20 ; 4.6 


CONCENTRATION* | 
(#MOLE/ML OF DIGEST) 











* Reaction mixture. See Materials and Methods 
section. When ATP was varied, 5 umoles of Mg*t 
was added. When Mgtt+ was varied, ATP was omitted. 


529 


(0.85 #mole/ml digest) the influence of ATP was 
more apparent (see table VIII) on UDPG resynthesis 
and sucrose synthesis. With ATP, the level of 
UDPG was maintained for 4 hours, whereas with no 
ATP included in the digest the UDPG was utilized in 
the transglycosylase reaction and not resynthesized. 
Sucrose synthesis was approximately doubled when 
ATP was included in the reaction. 

An attempt was made to characterize UDP kinase, 
the action of which was implicated in the experiments 
reported above. The synthesis of UDPG was doubled 
when 10 and 20 “moles of borate were included in 
the reaction. This does not conclusively show an 
effect of boron on the kinase since UDPG synthesis 
from UTP and G-1-P was increased by boron. The 
formation of ADP from ATP and UDP was increased 
when boron was included in the initial kinase reaction 
mixture. The kinase was assayed by measuring 


TABLE VIII 


INFLUENCE oF ATP on UDPG REsyNTHESIS AND 
SucrosE SYNTHESIS BY ENZYME PREPARATIONS 
FROM PEA SEEDS 








TIME (HRs) 
i, Y, 1 Z 4 


EXPERIMENT 








Sucrose 
(umoles/ml 
digest) 
0.29 0.31 tS 
0.34 0.45 1.7 


S| an i 0 0 0.9 
—ATP 0.25 0.12 0.04 0 0 0.9 


UDPG 
(emoles/ml digest) * 

ATE 20 Sie. a ee 
+ATP 048 041 0.31 





* Reaction mixture. See Materials and Methods. 


UDPG formed in the presence of G-1-P, UDP, and 
ATP (reactions III and I) and by measuring ADP 
formed in the presence of ATP and UDP (reaction 
III) by the method of Colowick (5). Subsequent 
work revealed, however, that the A. S. preparation 
contained myokinase and nucleoside monophosphate 
kinase which prevented conclusive studies on this 
phase of the reaction until more purified enzymes are 
prepared. 

The data indicate that the UDPG and the sucrose 
synthesizing reactions are linked together as shown, 


UDPG + PP (pyrophosphorylase) UTP + G-1-P 








Ge 


| (kinase) 
+ ATP 
— 
UDP + sucrose 


fructose (transglycosylase ) 


—=" 








— 


The enhancement by boron of sucrose synthesis 
as observed in the experiments with pea and sugar 








= 


cane seedling homogenates, was related evidently to 
the influence of the element on UDPG pyrophosphory- 
lase and perhaps on UDP kinase. The observation 
that the addition of boron to the A. S. preparation 
does not result in an increased sucrose synthesis from 
UTP, G-1-P, and fructose is probably related to the 
difference in the levels of UDPG pyrophosphorylase 
and UDPG transglycosylase. The former enzyme is 
present in the A. S. preparation at a level approxi- 
mately 100 times as great as the latter enzyme. The 
enzyme levels in the homogenates were not measured. 
Further understanding of this effect of boron on 
UDPG pyrophosphorylase must await purification 
of the enzyme. 


SUMMARY 


Boron has been observed to enhance the biosyn- 
thesis of sucrose by sugar cane and pea seedling homo- 
genates. With an enzyme preparation from pea seeds 
containing UDPG pyrophosphorylase, UDPG trans- 
glycosylase, and UDP kinase boron inhibited the syn- 
thesis of sucrose from UTP, G-1-P, and fructose. 
In this coupled reaction ATP was essential and boron 
in some way caused the concentration of UDPG to 
be maintained; however, UDPG pyrophosphorylase 
and UDPG transglycosylase were inhibited by ATP 
when assayed individually. UDPG pyrophosphory- 
lase was enhanced by boron while UDPG transgly- 
cosylase was inhibited. 
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ROLE OF CAROTENOIDS IN PROTECTING CHLOROPHYLL 
FROM PHOTODESTRUCTION *? 
I. C. ANDERSON anp D. S. ROBERTSON 


DEPARTMENTS OF AGRONOMY AND BOTANY, AND DEPARTMENT OF GENETICS, 


Iowa STATE UNIVERSITY, AMES 


Chere have been numerous suggestions in the 
last few years of obligatory functions of carotenoids 
in photosynthetic organisms. These have been func- 
tions of carotenoids other than their action as acces- 
sory pigments. Workers who are interested in the 
mechanism of converting radiant energy into chem- 
ical energy frequently use the carotenoid molecule 
as a sink, or hole, in their photodissociation hypothe- 
ses (3,12). Kohl (9) suggested many years ago 
that a function of carotenoids was to protect chloro- 
phyll. Recently, evidence for such a role of caro- 
tenoids has been accumulating. Claes (2) has de- 
scribed four X-ray mutants of Chlorella vulgaris 
Béyerinck. Three of these mutants do not form 
colored carotenoids and they are photosensitive. 
Sager and Zalokar (13) have studied a mutant of 
Chlamydomonas rienhardi Dang. which contains only 
trace amounts of carotene and which dies when ex- 
posed to light. It responds, however, to illumination 
by taking up carbon dioxide and releasing oxygen. 
Allen (1) also has shown that a carotenoidless mutant 
of Chlorella pyrenoidosa Chick is unable to grow in 
strong light. 

The studies of Cohen-Bazire and Stanier (4) and 
Fuller and Anderson (6) have shown that colored 
carotenoids are required for protecting bacteriochloro- 
phyll from photodestruction in the photosynthetic bac- 
teria. It has been proposed that this is a unique role 
of carotenoids in all photoautotrophs (17). The re- 
sults in the present communication support this hy- 
pothesis by extending to higher plants an experimental 
confirmation of the proposal through the study of 
an albino mutant of corn (white-3). Koski and 
Smith (10) have shown that this mutant forms pro- 
tochlorophyll and chlorophyll; however, the chloro- 
phyll is bleached upon continued illumination. An 
albino mutant of sunflower which reacts similarly has 
been described by Wallace and Schwarting (18). 


MATERIALS AND METHODS 


Plant materials used in these studies were grown 
under three different conditions. For carotene pre- 
cursor studies, white-3 and normal corn seedlings 
were grown on a greenhouse bench for approximately 


1 Received manuscript December 2, 1959. 

2 Journal Paper No. J-3767 of the Iowa Agriculture 
and Home Economics Experiment Station, Ames. Pro- 
ject No.’s 1423 and 1381. 


ten days. Leaf material was ground in a mixture of 
acetone and hexane, and a hexane fraction containing 
carotene and colorless precursors of carotene was 
isolated by the method of Zscheile and Porter (20). 
Spectra of these fractions were measured with a 
Beckman DU _ spectrophotometer. Hexane was 
passed through a dry silica gel column to decrease 
absorbance in the ultraviolet by reagent grade hexane. 

For the photostability of chlorophyll studies, the 
seedlings were grown in darkness for 8 to 12 days. 
Each determination consisted of six whole plants 
which were placed in 250 ml suction flasks. The 
flasks were evacuated in the dark two times; after each 
evacuation they were filled with either air or nitrogen. 
The plants in the flasks were illuminated with 1500 
ft-c of light produced by a bank of tungsten filament 
lamps with an 8 inch water filter. After the ex- 
posure period, leaves of the plants were removed, 
weighed, and ground immediately in a mortar with 
80 % acetone and a bit of sand. Ten ml of 80% 
acetone was used for each gram of leaf tissue. Op- 
tical densities of the extracts were read at 665 me for 
chlorophyll and 630 mz for protochlorophyll. 

For some experiments the seedlings were grown 
in dim light with an intensity of less than 0.5 ft-c. 
Under these conditions, the white-3 seedlings were a 
blue-green color, and the normal seedlings a yellow- 
green. Both types of seedlings could be grown for 
two to three weeks under these conditions before they 
died. 


RESULTS 


ACCUMULATION OF PHYTOENE BY WHITE-3: The 
visible and ultraviolet spectra of the hexane extracts 
of normal and white-3 seedlings are presented in 
figure 1. The white-3 seedlings did not contain 
colored carotenoids as did normal seedlings. Instead, 
they had large amounts of substance which absorbed 
light in the ultraviolet region with peaks at 275, 285, 
and 297 m#. These peaks are similar to those of 
phytoene (7), a precursor of colored carotenoids. 
Ergosterol, which has a spectrum similar to that of 
phytoene (7), was added during homogenization of 
white-3 corn seedlings, and after fractionation the 
hexane extract was poured through a neutral alumina 
column. The ultraviolet absorbing substance of the 
seedlings (phytoene) came through the column in the 
first 5 ml fraction, whereas added ergosterol appeared 
in the sixth 5 ml fraction when the column was leached 
with hexane. 
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Fic. 1. Spectrum of hexane extracts from normal and 
white-3 seedlings. 


PHOTOSTABILITY OF CHLOROPHYLL IN SEEDLINGS: 
As reported by Koski and Smith (10), dark grown 
mutant seedlings contained at least as much, usually 
more, protochlorophyll than did normal seedlings. 
The protochlorophyll of both types of genetic ma- 
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terials was readily converted to chlorophyll upon ex: 
posure of the seedlings to light. The results «/ ex. 
posing mutant and normal seedlings to light :nder 
various conditions are reported in figure 2. Chioro- 
phyll of the mutant was completely destroyed when 
seedlings were illuminated in an atmosphere 0. air, 
Under anaerobic conditions, however, chloroph)!1 of 
the mutant was stable to high light intensities. 
When leaves of normal seedlings were illuminated 
in air there was an initial decrease in chlorophyll 
content for the first 20 minutes, then a stabilization, 
and eventually an increase in chlorophyll content, 
It was suspected that this phenomenon might parallel 
the conversion of chlorophyllide a to chlorophyll a. 
Wolff and Price (19) have shown, in beans, that 
protochlorophyllide is photochemically reduced to 
chlorophyllide a, and that chlorophyllide a is esterified 
with phytol to form chlorophyll a in subsequent longer 
dark periods. Also with regard to this phenomenon, 
a study made by Granick (8) indicates a greater pho- 
tolability of chlorophyllide a than of chlorophyll a. 
Some experiments were conducted with the corn 
seedlings, using the differential solubility of chloro- 
phyllide and chlorophyll in the binary system of pe- 
troleum ether and acetone (19). These showed that 
most of the pigment which was formed by 1 minute 
of illumination was chlorophyllide; in a subsequent 
longer dark period the chlorophyllide was esterified 
to form chlorophyll. Nearly all the pigment from 
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Fic. 3. Stability of chlorophyll a (dark treatment) and chlorophyllide a (no dark) of seedlings exposed to light 
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ANDERSON AND ROBERTSON—CAROTENOID PROTECTION 


oth normal and mutant seedlings could be transferred 
o the petroleum ether phase after 30 to 40 minutes of 
larkness. 

Since the previous experiments demonstrated that 
most of the pigment formed after 1 minute of illu- 
mination was chlorophyllide and that this was con- 
verted to chlorophyll during the dark treatment, any 
difference in the stability of pigment content to light 
in plants treated so as to contain mainly chlorophyllide 
or chlorophyll can be used to test the stability of these 
two forms of chlorophyll. Dark grown seedlings 
were illuminated for 1 minute and then either placed 
in the dark for 1 hour before being re-exposed to 
light or given no dark treatment and immediately ex- 
posed to further light. Pigment (chlorophyllide) in 
seedlings without a dark treatment was much less 
stable than the pigment (chlorophyll) in seedlings 
that had a dark treatment (fig 3). This was the 
most prominent during the first few minutes of illu- 
mination of normal seedlings. These results suggest 
that the non-esterified form of chlorophyll is less 
stable than the esterified form. 

The continuous formation of protochlorophyll dur- 
ing the dark period after a brief illumination can be 
measured. It is illustrated also in figure 3 by the 
greater chlorophyll content of the plants receiving 
the dark treatment than those which did not receive 
the dark treatment. In fact, the small decrease in 
chlorophyll content during the first 10 minutes of 
illumination of the normal seedlings which had re- 
ceived the dark treatment probably represents a photo- 
chemical destruction of chlorophyllide a formed from 
the amount of protochlorophyllide which had ac- 
cumulated during 1 hour of darkness. 

It is of interest to consider the effect of anaerobic 
conditions on the formation of protochlorophyll and 
chlorophyll at the seedling stage of development. 
Anaerobiosis did not inhibit the conversion of pre- 
formed protochlorophyll to chlorophyll (fig 2). This 
has been reported previously by Smith (15). In this 
same figure, it is apparent that under anaerobic condi- 
tions there was no appreciable increase in the chloro- 
phyll content of normal seedlings, whereas under 
aerobic conditions there was an appreciable increase 
in chlorophyll content between 40 and 100 minutes. 
The implication is that the formation of protochloro- 
phyll requires oxidative metabolism. This is not un- 
expected if one considers that the citric acid cycle is 
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the source of intermediates and energy for porphyrin 
synthesis (14). 


SEEDLINGS GROWN With Dim Licut: White-3 
and normal seedlings were grown under a light in- 
tensity of less than 0.5 ft-c. This light intensity 
allowed for a continual increase in chlorophyll content 
over the 2 week period (table I). After 2 weeks of 
growth the seedlings were exposed to bright light 
for 1 hour in air. Nearly all the chlorophyll of the 
white-3 seedlings was destroyed by this treatment, 
whereas the chlorophyll of the normal seedlings was 
not appreciably effected by bright light. 

A green pellet could be sedimented by 1000 x G 
from both normal and mutant materials when leaves 
were ground with sand in 0.35 M NaCl. Under the 
microscope, chloroplasts could be recognized readily 
in the pellet from the normal seedlings. The chloro- 
plast-like particles in the pellet from mutant seedlings 
were rather opalescent but otherwise appeared to be 
normal. Leaves of the two types of seedlings were 
embedded in paraffin and sectioned. The chloroplasts 
of the mutant appeared to be as numerous and of the 
same size as those of the normal seedlings. Further 
studies are in progress on the number and size of 
chloroplasts and the capacity of chloroplasts from 
mutant seedlings to carry out the reactions of photo- 
synthesis. 


DiIscuUSSION 


In this particular albino mutant of corn, chloro- 
phyll and chloroplast formation appear to be normal. * 
That is, protochlorophyllide of dark grown mutant 
seedlings is converted to chlorophyllide by short ex- 
posure to light. The mutant tissue has the capacity 
to esterify chlorophyllide to form chlorophyll. If 
grown under dim light conditions chloroplast develop- 
ment in the mutant appears to be similar to that of 
normal seedlings. 

Chlorophyll of the mutant, however, is unstable 
to high light intensities in the presence of oxygen. 
Under strictly anaerobic conditions the chlorophyll 
of the mutant is stable to strong light. These results 
are similar to those reported for the carotenoidless 
condition in photosynthetic bacteria (4,6). As in 
the bacteria, the instability of chlorophyll appears to 
be due to the lack of colored carotenoids in the mu- 
tant. These results, then, support Stanier’s (17) 
prediction that colored carotenoids are required in 
all aerobic photoautotrophs for the protection of 
chlorophyll from autophotodestruction. 

The function of carotenoid pigments for protection 
of chlorophyll from photodestruction may not be 
limited to photoautotrophs. It may have far wider 
significance than this. Eyster (5) has shown that 
the catalase activity of an albino mutant of corn is 
considerably lower than it is in normal seedlings. 
Mathews and Sistrom (11) recently showed that 
cells of a carotenoidless mutant of Sarcina lutea 
Schroeter are killed when placed in sunlight under 
aerobic conditions. Nearly all air borne pollen grains 
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and many air borne fungal spores contain carotenoids. 
It is entirely conceivable that carotenoids may pro- 
tect other light absorbing porphyrins such as catalase 
and cytochrome from photodestruction. 

We do not wish to imply that all albino mutants 
are caused by a metabolic block in carotenoid bio- 
synthesis. There presumably is a different metabolic 
block in all the nonallelic albino mutants of a species. 
Consequently, there are many possible causes of al- 
binism. For example, a metabolic abnormality that 
prevented normal chloroplast development could cause 
albinism. The studies of Smith (16) show, however, 
that many of the albino mutants of corn lack carotene. 
Our preliminary survey of the same group of mutants 
indicates that there are a number of metabolic blocks 
at different steps in the synthesis of carotenoids. 

Carotenoids conceivably may have more than one 
obligatory role in higher plants, but a basic function 
is the protection of chlorophyll from photooxidation. 
In the obligately anaerobic photosynthetic bacteria 
there is no such strict requirement of carotenoids for 
the protection of chlorophyll from destruction, or for 
any other obligate role, since carotenoidless bacteria 
grow equally as well as do those containing caro- 
tenoids (4). In the aerobic photoautotrophs, on the 
other hand, the presence of colored carotenoids is 
vital for autotrophic growth in the light. Other 
obligatory roles of carotenoids may have evolved in 
higher plants along with the evolution of the more 
complex photosynthetic system of the chloroplast, in 
which oxygen is produced, compared to the non- 
oxygen producing chromatophore of the bacteria. 
The albino mutants seem to be very useful tools for 
further studies on the function of carotenoid pigments 
in photosynthesis. 


SUMMARY 


There is a metabolic block between phytoene and 
colored carotenoid synthesis in white-3. Chlorophyll 
and chloroplast formation by the mutant appears to 
be normal, but its chlorophyll is destroyed by high 
light intensities under aerobic conditions. Under 
anaerobic conditions, however, the chlorophyll of the 
mutant is stable to strong light. The results support 
the thesis that an important role of colored caro- 
tenoids is the protection of chlorophyll from photo- 
destruction. 
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STUDIES ON CYANOGENIC GLYCOSIDE OF SORGHUM VULGARE"? 
T. AKAZAWA 3, P. MILJANICH 4, anp ERIC E. CONN 
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The cyanogenic glycoside dhurrin (p-hydroxy- 
mandelonitrile-8-D-glucoside®) occurs in members of 
the Sorghum family. Dunstan and Henry, who first 


H 
HO C-C=N 


‘Cg Hy 
(glucose) 


isolated and characterized the compound from Sor- 
ghum vulgare Pers., reported that the glycoside was 
abundant in young plants but was absent in mature 
plants and in the seed (5). These observations sug- 
gested that this tissue might be suitable for investi- 
gating the biosynthesis of p-hydroxybenzaldehyde and 
HCN. This paper describes experiments designed 
to test the usefulness of Sorghum vulgare as an experi- 
mental material and defines the conditions used in 
subsequent biosynthetic studies (4). 


MATERIALS AND METHODS 


The experiments were carried out with Sorghum 
vulgare (var. Honey Drip) purchased from Germain’s 
Inc, Fresno. In preliminary experiments, 3-day old 
etiolated seedlings of this variety contained more HCN 
than ten other varieties examined. Green seedlings 
were grown at 25°C in vermiculite in metal trays 
from seed which had been soaked for 16 hours in tap 
water. The trays were placed under three fluorescent 
tubes (40 w each) and light was supplied for 16 hours 
daily. The material obtained under these conditions 
was more uniform than that grown in the greenhouse 
in daylight. Only the aerial portion of the seedlings 
was taken for analysis; 25 to 30 seedlings weighed 1 g. 

Etiolated seedlings were obtained essentially as 
described by Jacobson et al (8). Seeds which had 
been soaked for 16 hours in tap water were spread 
on moist cheese cloth mounted on inverted, perforated, 
plastic baskets. The baskets were placed in a 4 liter 
beaker containing 1 liter of dilute mineral solution 
(8) so that the seeds were supported about 0.5 cm 
above the surface of the solution. The beaker was 
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then covered with a watch glass, placed in a light- 
proof box at 30°C, and the solution aerated with a 
tube extending into the beaker. Under these condi- 
tions extremely uniform germination and growth 
occurred and, after 3 days, the roots were 6 to 7 cm 
in length while the shoots were 9 to 10 cm. The 
complete seedling was taken for analysis; 10 to 15 
seedlings weighed 1 gram. 

In most of the work reported here, no attempt 
was made to isolate the cyanogenic glycoside quanti- 
tatively. Instead, because of the occurrence of an 
active glycosidase in sorghum (5), it seemed desir- 
able to permit this enzyme to catalyse the hydrolysis 
of p-HMN-8-G and then estimate the glycoside by 
measuring the HCN and p-hydroxybenzaldehyde re- 
leased. Upon hydrolysis of the glucoside, the agly- 
cone formed is p-hydroxymandelonitrile. This com- 
pound is unstable and decomposes to HCN and the 
aromatic aldehyde. In addition, however, an enzyme 
(oxynitrilase (1) ), which catalyzes the decomposition 
of the nitrile, is also present in sorghum (4). A 
commercial preparation of emulsin (Worthington 
Biochemicals) also catalyzed the decomposition of p- 
HMN-8-G to HCN, p-hydroxybenzaldehyde and 
glucose. Acid hydrolysis of the glycoside was carried 
out in 1.4N H,SO, at 80° C for 5 hours. 

The plant material was prepared for analysis by 
freezing in liquid nitrogen, then, grinding to a fine 
powder with a mortar and pestle. The powder was 
suspended in water (50 ml/g) and air was passed 
through the homogenate into 10 ml of 0.1 N NaOH to 
trap HCN produced during hydrolysis of the p-HMN- 
B-G. During the aeration period, aliquots of the 
homogenates were removed and mixed with equal 
volumes of 10 % trichloroacetic acid and centrifuged 
to provide a clear supernatant solution. If emulsin 
or H.SO, was used to hydrolyze the glycoside, these 
substances were added and the reaction mixture was 
aerated to remove and trap any HCN formed. 

Analyses for HCN were usually done by the meth- 
od of Liebig. The HCN content of the 0.1 VN NaOH 
trapping solution (10 ml) was determined directly by 
adding 2.0 ml 20 % NH,Cl and three drops 5% KI 
to the NaOH, then titrating with 0.002 M AgNO,. 
All readings were corrected for a blank of approxi- 
mately 0.12 ml. In some instances HCN was also 
determined by the method of Aldridge (2). p-Hy- 
droxybenzaldehyde in the 5% trichloroacetic acid 
supernatant was analysed as the 2,4-dinitrophenyl- 
hydrazone (6). Since p-hydroxybenzaldehyde 
strongly absorbs light at 330 me in 0.1N NaOH 
(E = 27,300), the aldehyde was also analysed by 
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placing aliquots of the 5 % trichloroacetic acid super- 
natant solution in 0.1 N NaOH and measuring the 
light absorption at 330 mez. This procedure gave 
good agreement with the 2,4-dinitrophenylhydrazone 
procedure because the concentration of the aldehyde 
in the plant ‘material far exceeded that of any other 
material which absorbed light under the described 
conditions. In 3-day old seedlings, the p-hydroxy- 
benzaldehyde was approximately 0.25% of the wet 
weight of the tissue. 

The studies on alkaline instability of p-HMN--G 
were carried out on an aqueous solution of glycoside 
obtained by extracting etiolated sorghum seedlings 
with 80% ethanol. The alcoholic extract was con- 
centrated and chromatographed in 1-butanol: pyri- 
dine: water (6:4:3) (7). The glycoside (Rf=0.85) 
was then eluted with H.O and the eluate in turn ex- 
tracted three times with equal volumes of diethyl 
ether to remove any p-hydroxybenzaldehyde. After 
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Fic. 1. The enzymatic hydrolysis of p-hydroxyman- 
delonitrile-B-p-glucoside in homogenates of etiolated seed- 
lings. One gram of plant material (15 seedlings) was 
used. 

Fic. 2. The cyanogenic glycoside content of etiolated 
sorghum seedlings of different ages. In these experi- 
ments, p-hydroxybenzaldehyde was determined as the 2,4- 
dinitrophenylhydrazone and HCN was measured by titra- 
tion with AgNO,. One gram of plant material was 
analyzed. 





aeration to remove the dissolved ether, the « ;ueous 
fraction was used in the studies on decomposi:ion of 
the glycoside by alkali. 


RESULTS AND DISCUSSION 


Figure 1 shows the results obtained when 3-day 
old etiolated seedlings were ground and suspen: ied in 
H,O and analyses were performed for p-hy::roxy- 
benzaldehyde at various intervals. There wa- only 
a negligible amount of aldehyde present in a simple 
taken within 3 minutes after homogenization. \ ithin 
1 hour, however, the aldehyde content reach::! its 
maximum value and remained constant for 6 hours. 

The removal of HCN by aeration of the homo- 
genized plant material is also indicated in figure 1, 
Although one would expect an amount of HCN equal 
to the p-hydroxybenzaldehyde to be present after 1 
hour of enzymatic digestion, the aeration procedure 
used was not sufficiently rapid to remove all of the 
HCN released during that period. Maximum values 
for the HCN content of the homogenate were not ob- 
tained except after aeration for 16 to 24 hours. The 
data in figure 1 do show however that approximately 
equimolar quantities of HCN and aldehyde were pro- 
duced. Therefore, in these studies the aldehyde con- 
tent was determined at 2 or 3 hours, while the HCN 
analysis was carried out after aeration of the homo- 
genate for 16 hours. 

When aeration of the homogenate was continued 
over night to remove HCN formed during the decom- 
position of p-HMN-£-G, the aldehyde content of the 
solution decreased sharply (fig 1). The reaction re- 
sponsible for the disappearance of p-hydroxybenzalde- 
hyde is not known. The reaction is enzymatic how- 
ever, and since it requires aeration, it probably is 
aerobic. The disappearance of p-hydroxybenzalde- 
hyde did not result in the formation of p-hydroxy- 
benzoic acid nor a compound capable of reacting with 
2,4-dinitrophenylhydrazine. 

Figure 2 presents data for the p-hydroxybenzalde- 
hyde and HCN content of etiolated seedlings of dif- 
ferent ages. The amounts of the two compounds are 
equal and reach maximum values after 3 days. Since 
there was little p-hydroxybenzaldehyde in these plants 
when the tissue was first homogenized and since an 
amount of HCN equivalent to the aldehyde was 
formed, the results also indicate that both the HCN 
and aromatic aldehyde were present initially only as 
components of the cyanogenic glycoside. The amount 
of HCN or p-hydroxybenzaldehyde produced corres- 
ponds therefore to the p-HMN-£-G in the seedling. 
The etiolated plant material could not be maintained 
in a healthy state beyond 7 days and measurements 
were discontinued at that point. 

Figure 3 presents the amounts of HCN and p- 
hydroxybenzaldehyde produced as a result of enzy- 
matic hydrolysis of p-HMN--G in the aerial portion 
of green sorghum seedlings of different ages. The 
data show that the two compounds again were present 
in approximately equal concentrations throughout 
the period examined (24 days). In contrast to the 
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Fic. 3. The cyanogenic glycoside content of green 
sorghum seedlings of different ages. Analyses were the 
same as for figure 2. 


etiolated seedling, the concentration of the aldehyde 
and HCN decreased as the seedling increased in age. 
This observation agrees with that of Dunstan and 
Henry (5) who reported that mature plants lacked 
the glycoside. The HCN content of the green plants 
is also in agreement with those (0.2% dry wt) re- 
ported by the earlier workers (5). 

In preliminary studies of the p-HMN-B-G content 
of green seedlings, no agreement between the HCN 
and aldehyde formed could be observed when homo- 
genates of the older plants were analysed for p- 
hydroxybenzaldehyde at 3 hours. Instead maximum 
values for the aldehyde were obtained much earlier 
during the digestion and, at 3 hours, the destruction 
and disappearance of p-hydroxybenzaldehyde, previ- 
ously described in etiolated seedlings (fig 1), was 
already far advanced. Therefore, the aldehyde con- 
tent of the homogenates of green seedlings was de- 
termined at 30 minute intervals after homogenization, 
and the maximum values observed were compared with 
the HCN obtained on aeration. The time required 
to obtain the maximum value of p-hydroxybenzalde- 
hyde varied with the age of the green seedling. In 
the case of the youngest plants in figure 3, the maxi- 
mum value was reached only after 3 hours of digestion 
while, with the oldest plants, the maximum value was 
reached in 30 minutes. 

In comparing the p-HMN-£-G content of etiolated 
and green seedlings, it should be emphasized that only 
the aerial portion of the green seedling was analyzed. 
Since this portion constituted about half the weight 
of these seedlings, the glycoside contents of the etio- 
lated and green seedlings are approximately equal. 
Root development of the etiolated seedlings was ex- 
tensive at 3 days, however, and the growth of this 
type of seedling was much more uniform than the 
growth of green seedlings. Since the proposed bio- 
synthetic studies required the feeding of radioactive 
precursors through the roots of the experimental 
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plants, the following observations were made on the 
nature of the glycoside as it occurs in etiolated seed- 
lings. 

Although the data in figure 1 indicated that little 
or no free HCN or p-hydroxybenzaldehyde existed 
in the sorghum seedling prior to enzymatic hydrolysis 
of p-HMN-8-G, it was important to investigate this 
point more thoroughly. This was done by extracting 
twenty 3-day old etiolated seedlings (1.39 gm) with 
30 ml of 90% ethanol and aerating the ethanolic 
supernatant to remove and measure HCN. Under 
these conditions only a trace of HCN was found. The 
ethanolic extract was then concentrated to dryness 
and the residue was taken up in 30 ml of H,O. 
Further aeration of this aqueous solution produced 
no additional HCN. However, when 51 mg of an 
emulsin preparation was added and digestion and 
aeration continued for 16 hours, 21.0 zmoles of HCN 
per gram of seedling was produced. This value cor- 
responds to the glycoside content of seedlings of this 
age (fig 2) and indicates that no hydrolysis of p- 
HMN-B£-G occurred until emulsin was added to the 
residue of the ethanol extract. The absence of HCN 
in the ethanol extract shows that little or no free 
HCN exists in the plant. 

Dry sorghum seeds were also analyzed for HCN 
and p-hydroxybenzaldehyde. Analysis of aqueous 
extracts of the seed showed neither of these compounds 
to be present. Since the seed conceivably might lack 
the B-p-glucosidase necessary for hydrolysis of the 
glucoside, 50 mg of emulsin was added to the aqueous 
extracts. Neither aldehyde nor HCN was produced . 
under these conditions; subsequent digestion of the 
extract with H,SO, at 80° C for 5 hours also failed 
to release HCN or p-hydroxybenzaldehyde. 

In view of the extensive synthesis of glycoside 
which must be occurring in the seedling, it was of 
interest to determine the localization of the glycoside 
within the young plant. Therefore, twenty 4-day old 
etiolated seedlings were divided into roots (0.16 gm), 
seed residues (0.35 gm), and shoots (1.35 gm), and 
analysed for HCN. After digestion and aeration for 
16 hours, the shoots contained 18.5 ezmoles of HCN 
per gram. The roots and seed residues contained no 
detectable HCN and, although these tissues conceiv- 
ably could lack the glycosidase necessary for enzymatic 
hydrolysis of the glycoside, hydrolysis with 14N 
H,SO, for 5 hours at 80° C failed to produce any 
HCN. 

During these studies an apparent instability of p- 
HMN-£-G in alkaline solution was observed. When 
samples of the glycoside (0.05 “moles per ml) were 
placed in 0.1 N NaOH at room temperature, the light 
absorption at 330 mz increased over a period of 120 
minutes. At the end of this time, the absorption 
spectrum of the solution was characteristic of p- 
hydroxybenzaldehyde (Ej... at 330 m#). From the 
increase in light absorption the amount of p-hydroxy- 
benzaldehyde apparently formed was calculated. The 
alkaline solution was then analyzed for substances 
capable of reacting with 2,4-dinitrophenylhydrazine 
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TABLE I 


ALKALINE Hyprotysis oF p-HYDROXYMANDELONITRILE (-D-GLUCOSIDE 





Expt. I Expt. II 





p-Hydroxybensaldehyde formed 
(a) Determined by light absorption at 330 mu 


(b) Determined as 2,4-dinitrophenylhydrazone 
HCN formed 


0.418 umole 
0.375 umole 
0.465 umole 


0.747 umole 
0.735 umole 
0.864 umole 





Samples of the glucoside (0.40.75 umoles) were added to 0.1 N NaOH in a final volume of 15 ml. 


— 


The re. 


sulting increase in light adsorption at 330 mez (about 0.8-1.4 O.D. units) was followed until no further increase oc. 


curred (2.5 hrs). 


Aliquots (2.0 ml) of the alkaline solution were then analyzed for HCN and carbonyl value. 


In the absence of NaOH an aqueous solution of p-HMN-8-G contained neither HCN nor carbonyl-reactive ma- 


terial after standing 2.5 hours. 


and for HCN (2). The data in table I show that 
the amount of carbonyl reactive material determined 
as the phenylhydrazone was equivalent to the aldehyde 
content as determined from the increase in light ab- 
sorption. The amount of HCN produced as a result 
of treatment with NaOH is also in agreement with the 
amount of aldehyde released. 

Dunstan and Henry (5) reported that alkaline 
hydrolysis of p-HMN-B-G at elevated temperatures 
initially yielded dhurrinic acid. Upon subsequent 
hydrolysis with acid this compound formed p-hydroxy- 
mandelic acid and glucose. The present data indicate 


that, at room temperature, alkaline treatment results 
in hydrolysis of the glycosidic bond to yield p-hydroxy- 
mandelonitrile which in turn decomposes to p-hydroxy- 


benzaldehyde and HCN. Alkaline labile glycosides 
are well known (3). Amygdalin was unaffected by 
0.1. N NaOH under the same conditions. 


SUMMARY 


A method for germinating uniform, etiolated seed- 
lings of Sorghum vulgare Pers. is described. Upon 
homogenization, the cyanogenic glycoside which oc- 
curs in these plants is hydrolyzed enzymically and 
equimolar amounts of HCN and p-hydroxybenzalde- 
hyde are formed. The glycoside is localized in the 
aerial shoots of the plant. Seeds of Sorghum do not 
contain the glycoside but 3-day old etiolated seedlings 
may contain as much as 15 emoles per gram fresh 
weight. The 5-day old green seedling contains ap- 
proximately the same amount of glycoside but in this 


plant the amount decreases as the plant increases 
with age. Evidence for the instability of the cyano- 
genic glycoside in alkaline solutions is also presented, 
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CHANGES IN CERTAIN 


NITROGENOUS CONSTITUENTS 


OF WINTER 


WHEAT AS RELATED TO COLD HARDINESS '? 
A. W. PAULI ann H. L. MITCHELL 3 


Lack of sufficient cold hardiness has long been 
a problem in the stabilized production of crop plants 
in many areas of the world. While notable progress 
has been made through breeding and selecting hardier 
types, much remains to be learned regarding the 
mechanism by which plants become hardy and the 
factors responsible for differences in hardiness among 
groups of plants. Various biochemical changes, par- 
ticularly of the carbohydrates (8), have been shown 
to be associated with cold hardiness. Recent findings 
have indicated nitrogenous constituents also may be 
important. 

Levitt (10) has published a comprehensive review 
of research on the relation of nitrogenous substances 
tocold hardiness. Data on the relation between nitro- 
genous compounds and hardiness have generally been 
conflicting. Newton (11) reported an increase in 
both the amino and water soluble nitrogen con- 
tent of winter wheats during the fall. The hardiest 
variety had the highest percentage of water soluble 
nitrogen, but the relation was not uniform throughout 
the series. The percentage of crude protein did not 
vary greatly with hardening. Janssen (7) found 
that water soluble nitrogen and soluble nitrogen 
coagulable by heat increased in wheat during the fall 
as temperatures decreased. No change in_ total 
nitrogen was noted. Newton and Brown (12), how- 
ever, found no relationship between nonprotein or 
amino nitrogen and cold hardiness in wheat; Dexter 
(6) found no inverse relationship in barley, oats, and 
cabbage. 

At least a part of the confusion apparently has 
resulted because most workers were concerned with 
total nitrogen or mixtures of nitrogenous compounds 
rather than with individual nitrogenous substances. 
Briggs and Siminovitch (3), in a study of individual 
nitrogen fractions in the bark of locust trees, found 
only the water soluble protein nitrogen fraction to be 
significantly associated with cold hardiness. Bula 
et al (4) reported similar findings with alfalfa. 

The purpose of the present study was to compare 
changes in certain nitrogen fractions in hardened 
and unhardened wheat plants of the same age. 


MATERIALS AND METHODS 


Pawnee winter wheat plants used in this study were 


grown in 6 inch clay pots in growth chambers. The 
soil used in the experiment contained adequate quanti- 


1 Received December 18, 1959. 
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’ Assistant Agronomist and Biochemist, respectively. 


ties of nitrogen for good growth of wheat. Light 
intensity was approximately 1300 ft-c 1 foot from the 
plants. A 12 hour photoperiod was maintained 
throughout the experiment. Temperatures were con- 
trolled within +1° F. Temperatures were maintained 
at 70° F for 3 weeks following planting, after which 
one group of plants was hardened at 35° F for 6 
weeks. It was considered possible that biochemical 
changes which might be detected in hardened plants 
might be a function of age and might be independent 
of hardening. Therefore, a second group of plants 
was continued in an unhardened condition at 70° F 
so that hardened and unhardened plants of the same 
calendar age could be compared. At the first sam- 
pling date, unhardened plants were about eight inches 
high. After 4 weeks of hardening (3rd sampling 
date), hardened plants had assumed the prostrate 
condition associated with prolonged exposure to low 
temperatures. 

Plants were harvested by clipping the stems at 
soil level. Duplicate analyses were made at the be- 
ginning of the hardening period and at 2 week inter- 
vals thereafter for the various nitrogen fractions. 
Total nitrogen was determined by the AOAC 
Kjeldahl-Gunning method (1). Water insoluble 
nitrogen, water soluble protein nitrogen, and water 
soluble nonprotein nitrogen were determined by blend- , 
ing 5 g of fresh tissue with 100 ml of water in a man- 
ner outlined by Briggs and Siminovitch (3). 

To determine the remaining fractions, 5 g of plant 
tissue and 80 ml of re-distilled water were placed in 
a 50 ml Sorvall Omnimixer cup and the mixer was 
operated at full speed (16,000 rpm) for 3 minutes. 
The sample was poured into a Buchner funnel, the 
cup and cutting assembly were rinsed repeatedly with 
water, and the rinsings were used to wash the pulp 
retained by the filter. The filtrate was diluted to 
200 ml and was transferred to a 400 ml beaker. The 
pH was adjusted to 4.5 with glacial acetic acid by 
means of a Beckman pH meter. The solution was 
heated barely to boiling to coagulate protein, and then 
was cooled rapidly by placing the beaker in cold water. 
The cooled solution was filtered by gravity through 
dry filter paper, and the pH was adjusted to 7 with a 
few drops of 50 % sodium hydroxide, 

Ammonia and amides were determined by the 
method of Pucher, Vickery, and Leavenworth (13). 

Amino acids were estimated by the procedure of 
Woiwood (15), as modified by Beauchene et al (2). 
Five milliliters of the extract were placed in a 15 ml 
graduated centrifuge tube. Five milliliters of copper 
phosphate suspension was added, the volume was ad- 
justed to 15 ml with water, and the contents of the 
tube were mixed. The mixture was centrifuged at 
2000 rpm for 5 minutes to sediment the excess copper 
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phosphate. Since the plant extracts had slight yellow 
coloring and often were slightly turbid, no attempt 
was made to determine the amino acids by measuring 
the .ntensity of the blue color produced at this stage. 
Instead, the complexed copper was determined by 
placing 2 ml of the blue solution in a 40 ml glass- 
stoppered centrifuge tube and adding 10 ml of water 
and 0.1 ml of 2% sodium diethyldithiocarbamate 
solution. Twenty milliliters of iso-amyl alcohol was 
added and the tube was shaken vigorously to transfer 
the yellow copper diethyldithiocarbamate to the alco- 
hol phase.. The mixture was centrifuged for 5 minutes 
to break the emulsion, and the absorbance of the alco- 
hol phase was measured at 435 m# with a Beckman 
DU spectrophotometer. A blank was carried through 
the procedure to correct for traces of copper in the 
extract and reagents. A standard curve was prepared 
by use of alanine solutions. 

The degree of cold hardiness was determined by 
the electrical conductivity method of Dexter (5) who 
found there was a close association with cold hardi- 
ness. Three gram tissue samples were frozen 4 hours 
at 20° F and thawed for 20 hours at 35° F in 100 ml 
of water. After the liquid surrounding the tissue 
was brought to room temperature, resistance readings 
were made and were converted to conductivity 
(ohms~?), 


RESULTS AND DISCUSSION 


From table I it is apparent that when the data 
were calculated on a fresh-weight basis marked dif- 
ferences occurred in most of the nitrogen fractions. 
Total nitrogen, soluble protein nitrogen, and soluble 
nonprotein nitrogen contents increased during hard- 
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ening. The results agree with those reported preyj- 
ously for forage plants (4). However, wh:n the 
data were expressed as percentage of total ni rogen 
to eliminate possible differences in moisture c:ntent. 
there was no consistent difference associate: with 
temperature at which the plants grew except i: free 
amino acid and amide nitrogen contents. Thi: indi- 
cates that growth at the lower temperature may have 
altered the water balance of the plants, so that <iffer- 
ences in most of the nitrogenous fractions reported 
in table I are merely reflections of different moisture 
contents of the plant tissue. In the case of free amino 
acid nitrogen and amide nitrogen, however, the in- 
creased contents in the hardened plants were so marked 
that they were apparent when either method of ex- 
pressing the data was used. These two fractions also 
were correlated with electrical conductivity (r = 
—0.976 and —0.981 for free amino acid nitrogen and 
amide nitrogen, respectively), which has been used 
as a measure of cold hardiness of plants (5). 

A second experiment was carried out to determine 
the rate at which cold hardened wheat plants lose 
their hardiness, and to obtain direct evidence regard- 
ing the influence of temperature at which the plants 
were grown on moisture content. Pawnee wheat was 
grown for 3 weeks as described above. One portion 
then was maintained at 70° F, while the other portion 
was hardened at 35° F for 2 weeks, after which it was 
returned to the chamber operating at 70° F. Samples 
were removed for analyses before hardening, after 
2 weeks of hardening, and at various intervals during 
the dehardening phase (fig 1). 

After 2 weeks the water content of the plants sub- 
jected to hardening was 80 %, compared with 85 % 
for the unhardened plants. Thereafter the water 


TABLE [| 


CHANGES IN CONDUCTIVITY AND CERTAIN CONSTITUENTS OF 


WINTER WHEAT DurING Co_p HARDENING 














Taxat- WEEKS 
arate MENS 0 v3 4 6 0 2 4 6 
Mg N/10 g fresh wt % of total N 

Total N U* 44.3 40.6 43.7 47.5 ro 
H* Pe 57.8 54.0 59.6 oes ae oo sear 
Soluble N U 32.8 33.0 34.4 29.6 74.0 81.3 78.7 62.3 
H = 46.6 40.6 41.7 a 80.6 752 70.0 
Soluble protein N U 21.2 25.0 23.2 17.3 47.9 61.6 53.1 36.4 
H 30.0 y 7 26.4 sed 51.9 50.2 44.3 
Soluble U 11.7 8.0 11.2 13 26.4 19.7 25.6 25.9 
nonprotein N H 16.6 13.5 16.3 con 28.7 25.0 27.3 
Free amino acids U 2.9 2.9 3.1 3.3 6.5 7.1 7.1 6.9 
H = 8.7 7.6 7.3 , 15.1 14.1 12.2 
Amide U 0.4 0.5 0.5 0.7 0.9 12 | 1.5 
H ere 25 2.0 23 ane 4.3 BF 5 3.9 
Ammonia U 0.2 0.2 0.2 0.2 0.4 0.5 0.5 0.4 
H hee 0.2 0.3 0.3 ae 0.3 0.6 0.5 
Insoluble N U 11.5 7.6 9.3 17.9 26.0 18.7 21.3 37.6 
H ‘ite 11.2 13.4 17.9 a 19.4 24.8 30.0 

Conductivity U 4.10 4.00 3.98 3.79 
(ohms~1! x 104) H by 0.76 0.84 0.78 





*U, unhardened; H, hardened. 
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contents of the two lots of plants were essentially 
identical at a given sampling time. When expressed 
as percentage of total nitrogen, the various fractions 
(insoluble N, soluble N, soluble protein N, or soluble 
nonprotein N) of the two lots of plants were not con- 
sistently different at a given sampling date, again 
indicating that correlations with cold hardiness previ- 
ously reported were due to moisture differences. 

Free amino acids and amides were distinctly higher 
in the plants hardened for two weeks, again being 
well correlated with hardiness as measured by con- 
ductivity. During the dehardening period these frac- 
tions decreased, although they never reached the level 
of the control plants. During the same period, hardi- 
ness, as measured by conductivity, decreased. Sharp 
decreases in free amino acids and amides, and an in- 
crease in conductivity were obtained in two days, in- 
dicating that hardiness decreases rapidly when hardy 
plants are subjected to higher temperatures. Similar 
results were reported by Laude (9) who found that 
aiter 2 weeks of dehardening, field hardened plants 
could withstand very little more freezing than those 
grown continuously in the greenhouse. 

From the experiments it was not possible to de- 
termine definitely the source of the increased amounts 
of amino acids and amides. However, if a steady 
state of synthesis and breakdown exists between the 
protein and amino acid pools at a given temperature, 
at least two possibilities may be listed: A. An in- 
creased rate of proteolytic activity; and B. A de- 
creased rate of protein synthesis from the amino acid 
pool. Under either condition of amino acid accumu- 
lation, amino acid deamination would be expected to 
result in an increase in amides. 

Under the above circumstances, concomitant de- 
creases would be expected in one of the protein frac- 
tions. However, the macro-Kjeldahl method of esti- 
mating these fractions may not be sufficiently sensi- 
tive to show such a decrease consistently. On the 
other hand, the amino acid and amide methods detect 
micro quantities of these substances and yield highly 
reproducible results. The values, therefore, are use- 
ful for detecting small changes in nitrogen metabolism. 
It is recognized that the amino acid method is not 
specific for amino acids, but may include some pep- 
tides (14). However, this does not detract from the 
usefulness of the method since peptides are intermedi- 
ates in protein hydrolysis. 


SUMMARY 


Wheat plants which were grown in pots in con- 
trolled-environment chambers at 70° F were divided 
into two groups. One group was continued at 70° F, 
while the other was grown at 35° F. 

Soluble protein nitrogen and soluble non-protein 
nitrogen of the plants grown at 35° F were higher 
on a fresh weight basis than the corresponding frac- 
tions of the unhardened plants grown at 70° F. The 
water content of the hardened plants was lower than 
that of the unhardened plants, however, and when 
these fractions were expressed as percent of total 
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nitrogen, there was no consistent difference b:-tween 
comparable fractions of the two groups of »lants, 
Free amino acids and amides were higher in the hard- 
ened plants regardless of the method of exp: ssing 
the results. 

When the cold-grown plants were returned ‘o the 
warm chamber, their water content increase! and 
free amino acids and amides decreased unti! both 
unhardened and dehardened plants had similar con- 
tents of these substances after 10 days. 
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NEWS AND NOTES 


Ezra Jacop Kraus 
1885-1960 


When Dr. E. J. Kraus, visiting professor of 
horticulture, Oregon State College, died February 28, 
1960, in Corvallis, Ore., he left behind hundreds of 
beautiful hybrid chrysanthemums and day-lilies and 
just as many friends among horticulturists and botan- 
ists throughout the country. Next to the late Liberty 
Hyde Bailey, he was one of the most beloved person- 
alities among plant scientists and experimental horti- 
culturists. He combined, to a high degree, scientific 
training with its useful application, especially in horti- 
culture. His extensive knowledge of plants, his 
kindliness and frank honesty and sincerity, attracted 
to him friends and investigators from many fields 
of botany, horticulture, and agronomy. He was an 
inspiration to both graduate and undergraduate stu- 
dents up to the last and helped many financially. Be- 
cause of his appealing personality, his love of plants, 
his vast knowledge and non-technical approach to 
many problems, he had a wide audience among horti- 
culturists. He was popular and at home equally well 
in scientific circles and garden club meetings. Many 
students of plant life came under his guidance and 
obtained their final degrees while Dr. Kraus was a 
staff member in the Departments of Botany at the 
University of Wisconsin and the University of Chi- 
cago. 

Despite his protracted physical disability, that 
might have justified a complete retirement many 
years ago, Kraus continued to be self-effacing and 
always ready to assist others. Few people in tech- 
nical horticulture were more sought after for friendly 
advice, criticism and suggestions than Dr. Kraus. 
And he was never too busy, too absorbed in his own 
work to place his knowledge and judgment at the dis- 
posal of all who felt the need for his help. 

Dr. Kraus’s primary activity as a teacher and in- 
vestigator in botany, was in plant morphology, though 
he became widely known for his and Kraybill’s popular 
physiological research, “Vegetation and Reproduction 
with Special Reference to the Tomato”. This pub- 
lication won for him wide recognition and acclaim. 
While the carbohydrate-nitrogen relationship concept, 
as a basis of plant development, proposed in this pub- 
lication, is now largely’ discounted by plant physiol- 
ogists, as a result of this work and emphasis, attention 
was focused on the importance and value of funda- 
mental laboratory research with plants. This publica- 
tion marked the beginning of a scientific approach to 
many plant cultural problems and marked the estab- 
lishment of research laboratories in connection with 
agricultural experiment station activities throughout 
the country. 


un 
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During his early horticultural career Kraus was 
interested in problems of fruit pollination and settings 
which led to studies of structure and growth of fruits. 
Morphology apparently remained the primary field 
of interest throughout his life. In later years, he dis- 
played an active attention to growth regulators, their 
effects on plants, and their application in agriculture. 
In fact, he was one of the pioneers in the study of 
growth regulators, their morphological and_histo- 
logical effects on plants and their potential practical 
value. This helped greatly to develop 2,4-dichloro- 


phenoxy acetic acid (2,4-D) and subsequently numer- 





ous other synthetic chemicals as effective and valuable 
weed killers and their extensive utilization in crop 
production. It led to a rapid commercial expansion 
in the manufacture of special chemicals for weed con- 
trol throughout the country. 

Kraus was born March 19, 1885, in Ingham 
County, Mich., the son of Christian and Katherine 
(Baumgrass) Kraus. As with so many other early 
students of plant life, he obtained the B.S. degree at 
Michigan State Agricultural College (now Michigan 
State University) in 1907. After several years of 
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outstanding service on the faculty of horticulture at 
the Oregon State College, he obtained, while on sab- 
batical leave, the Ph.D. degree in Botany from the 
University of Chicago in 1917. Upon returning to 
Oregon he was appointed Dean of the Division of 
Basic Arts and Sciences, but two years later accepted 
a position as Professor of Applied Botany at the Uni- 
versity of Wisconsin, 1919 to 1927. From 1927 until 
his “retirement” in 1949, he was professor and later 
chairman of the botany department of the University 
of Chicago, where he was honored by being officially 
named Distinguished Service Professor in 1943. 
Along with his academic work, Kraus held, for many 
years, (primarily in a consultative capacity) also an 
appointment as a plant physiologist in the U. S. Dept. 
of Agriculture. After leaving the University of Chi- 
cago in 1949, Dr. Kraus accepted a visiting professor- 
ship in horticulture at the Oregon State College in 
Corvallis where he spent the last ten years breeding 
and introducing chrysanthemums and other orna- 
mental plants on a large scale, much of the work being 
done at his own expense. 

Dr. Kraus was a member of and gained recogni- 
tion in many professional societies: American Society 
of Hort. Science (President 1927) ; American Society 
of Plant Physiologists (President 1928); American 
Association for the Advancement of Science (Vice 
president and chairman, Sec. G, 1930); American 
Society of Naturalists (Vice president 1931); Eco- 
logical Society of America, and Entomological Society 
of Washington. 


Among other recognitions, he was made an hon- 
orary vice president of the American Forestry Asso- 
ciation (1947) and was for 12 years on the National 


Research Council Board of Fellowships. In recogni- 
tion of his work and service, doctor of science degrees 
were conferred on him by the Oregon State College 
in 1938 and by the Michigan State University in 1949. 
Numerous, indeed, are the national and_ regional 
horticultural organizations that have honored Dr. 
Kraus with medals, awards, and citations of all kinds. 
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Because of his stern character, humanitariay cop. 
victions, and profound honesty, Kraus abstaine:: from 
all so-called community activities. His attitule to. 
ward fellow men was, for lack of a better definition, 
that of a practicing Christian, of which there seem 
to be very few remaining specimens. Instead of par- 
ticipating in conventional or popular activities or 
trumped-up mass emotions, he went his own way, en- 
joying the beauty of nature, works of art, and human 
kindness. During the 47 years the writer has known 
him, he has not come across a more kindly and more 
unselfish man than Dr. Kraus.—A. E. MurMeek 

NATIONAL SCIENCE FouNDATION: The Division 
of Biological and Medical Sciences of the National 
Science Foundation announces that the next closing 
date for receipt of basic research proposals in the 
Life Sciences is September 15, 1960. Proposals re- 
ceived prior to that date will be reviewed at the fall 
meetings of the Foundation’s advisory panels and dis- 
position will be made approximately four months after 
the closing date. Proposals received after the Sep- 
tember 15, 1960, closing date will be reviewed after 
the spring closing date of January 15, 1961. 

Address inquiries to the National Science Founda- 
tion, Washington 25, D. C. 

CANADIAN Society: The Canadian Society of 
Plant Physiologists met in the University of Toronto 
June 2 and 3, 1960. The proceedings included six 
sessions of contributed papers and the G. H. Duff 
Memorial Symposium on Developmental Physiology 
under the Chairmanship of Dr. G. Krotkov. Partici- 
pants in the symposium were Dr. E. T. Binning, 
University of Tiibingen; Dr. F. C. Steward, Cornell 
University, and Dr. G. Setterfield, National Research 
Council of Canada. The Society has established a 
category of corresponding members available to plant 
physiologists outside Canada. Address inquiries to 
Dr. Dorothy F. Forward, Secretary-Treasurer, De- 
partment of Botany, University of Toronto, Toronto 
5, Canada—Dorotny F. Forwarp, Secretary- 
Treasurer. 
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INSTRUCTIONS FOR CONTRIBUTORS 


WRITING MANUSCRIPT 

A. Sty.te In general, the style of an article will 
reflect the author’s preference and habits of writ- 
ing. The Editor may suggest improvements, but 
will not insist on rigid conformity to conventions 
at the expense of an author’s individuality. Scien- 
tific writing, however, should meet accepted stand- 
ards of grammar, syntax, and diction. 

Strive for specific and concise expression. 
Use active verbs. Avoid complicated sentence 
structure. Write in a straightforward manner. 
Use care in preparing the original manuscript to 
obviate subsequent delays in publication because of 
the need for manuscript revision. 

B. LenctH Beyond ten pages (including tables, 
figures, and literature citations) authors will be 
billed $20 per page for overrun. Approximately 
four double spaced typewritten pages (pica type) 
equal one page of printed type. 

C. FoornoTe REFERENCES These should be avoid- 
ed in the body of the text, but if a footnote must 
be used, it should be numbered with an Arabic 
numeral and typed at the bottom of the page on 
which reference to the footnote is made. 

D. ACKNOWLEDGEMENTS Do not include acknowl- 
edgements in a footnote; they belong under their 
own heading following the SUMMARY and pre- 
ceding LITERATURE CITED. 

E. PuNcTuaTION 

1. Periods and Commas These are the most 

often used and misused punctuation marks; 

the period is not used enough, the comma too 
often. Avoid complicated sentences which re- 
quire many commas, colons, or semicolons. 

Break long sentences into brief, concise sen- 

tenees which will be short and easily under- 

stood. 

2. Quotation Marks Avoid the urge to use 

excessive quotation marks. Often a word is 

used in a sense slightly different from its ordi- 
nary meaning. This does not necessarily war- 

rant the use of quotation marks. In case a 

term is used in an unconventional way and the 

ambiguity might lead to misunderstanding. use 
quotation marks only when the unfamiliar 
meaning is first explained. 

3. Hyphens Use sparingly. 

F. Sustorics Use this order and style to number 
subtopics : 
T, T) 
A. A) 


1) 


a) 


I]. 


tions. 
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G. Scientiric NamMEs The complete botanical 
name (genus, species, and authority for the bi- 
nomial) of all experimental plants should be in- 
cluded, preferably under MATERIALS AND 
METHODS. Refer to the most recent Interna- 
tional Code of Botanical Nomenclature for rules 
governing the use of scientific names. 

H. AspreviaTions In place of certain unwieldy 
chemical names abbreviations may be used as a 
convenience. The writing, however, must re- 
main readily comprehensible and unambigious. 
For the most part only widely used abbreviations 
should be employed (e.g.: ATP, RNA, TPN). 
Standard chemical symbols may be used without 
definition: Ca, NaOH. All others should be de- 
fined when they first appear. Example: The 
reaction was thought to involve flavin adenine di- 
nucleotide (FAD). If your article uses several 
abbreviated forms it is permissible to define them 
all in a single footnote where the first abbreviation 
is introduced. 

In no case should the number of nonstandard 
abbreviations be so large that the reader is forced 
to learn a special vocabulary in order to read your 
article easily. Abbreviations should not frustrate 
the reader ; they should be used for his convenience, 
not the author’s convenience. 

Avoid abbreviations in title and summary. Be- 

cause these parts frequently are translated into 
foreign languages, undefined abbreviations may 
he confusing. 
I. CuHEemicaL ForMuLAs It is expensive (some- 
times impossible) to set formulas in type. Also 
there is danger of introducing errors. Submit 
structural formulas or involved reaction sequences 
as clearly executed India ink drawings which can 
be reproduced photographically. Indicate where 
these are to be inserted into the text. Alternative- 
ly a complex reaction diagram or flow sheet may 
be treated as a regular figure, given a number, and 
supplied with a legend. 


PREPARING TYPESCRIPT 
Carefully type copy in accordance with instruc- 
Give special attention to the form used by 


the Journal for tables, figure legends, and literature 


citations. 


Consult recent editions of PLANT 


PHYSIOLOGY for proper placement of main head- 
ings, paragraph headings, and subheadings, and for 
the use of abbreviations. 


A. Spactnc Double space everything, including 
tables, legends, literature cited, and footnotes. It 
is essential that all copy be double spaced to allow 
room for the extensive proofmarking which must 
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be done (even to a perfect typescript) in the edi- 
torial office so the printer will know precisely how 
to set your copy in type. 

Begin typing 1/3 of the way down the first 
page; leave liberal side margins. 

Each table, each set of figures, legends, and 
literature citations should be doubled spaced on a 
separate piece of paper; these items are given by 
the printer to different people for setting in type 
sizes different from that in the body of the manu- 
script. 


B. Orper Arrange manuscript copy in this 
order: 

Name and address for mailing proofs 
Title of article 

Author’s name and institution 

Text 

Summary 

Acknowledgements 

Literature cited 

Tables 

Legends for figures 

10. Figures 


CON AWAWNN 


C. Pactnc Number all pages consecutively in 

upper right hand corner. Never use a letter such 

as 2a, 5D, for paging; such pages are easily lost 

during processing. 

D. Pace One Do not use a title page. 
1. Name and Address On page 1 above the 
title of the article, put the name and address of 
the person to whom editorial correspondence 
(including galley proof and reprint order form) 
is to be sent. The name and address of the 
institution where the work was done follow 
the name of the author directly below the 
title. 
2. Footnotes One or more footnotes are in- 
cluded at the bottom of the first page. The first 
footnote (indicated by superscript 1 after the 
title) gives the date the manuscript was re- 
ceived. The second footnote credits the source 
of financial support (if any). Additional 
footnotes give the present address of the author, 
if different from the address in the heading, 
and indicate the experiment station or institu- 
tion paper number. Normally these are the 
only footnotes used. 


E. NuMBERS 

1. Write out all numbers, cardinal and ordi- 

nal, from one through ten. Use figures for 

all numbers larger than ten. Exceptions: 
a. When using precise measurements such 
as 5 per cent, 6 mm, 8-hour cycle, figure 1. 
In nonprecise usages spell numbers out: 
about two weeks, six or eight degrees. 
b. In a series of related numerical ex- 
pressions treat all alike even though vio- 
lating the general rule: 2 leaves, 8 leaves. 
and 12 leaves. 
c. When a single expression has consecu- 
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tive numbers, use both figures and s;)lled 
out numerals: two 6-min exposures. 
d. Spell out ALL numbers or fractions 
which begin a sentence. If this is awk- 
ward, rephrase the sentence to avoid begin- 
ning with a numeral. 
e. Do not use a hyphen to replace the 
preposition “to” between numerals: 13 to 
22 min, three to ten degrees. Exceptions: 
tables, figures, graphs. 
F. Fractions Write out and hyphenate non- 
precise simple fractions: two-thirds, but half 
strength. Exceptions: tables, figures, graphs, 
legends, fractions in parentheses. Often it is de- 
sirable to use decimals instead of fractions. For 
values less than one, insert a zero before the deci- 
mal point: 0.7 g not .7 g. 


G. Literature Citep This section of a manu- 
script requires extensive proofmarking even 
though copy is correct in every detail. Typing 
errors are easily made, but difficult to detect, so 
exercise special care in preparing and checking 
the bibliography. Since they are set in a type- 
form different from that used for the body of the 
manuscript, literature citations should be double 
Spaced on a separate piece of paper. Consult the 
most recent issue of PLANT PHYSIOLOGY 
for Journal style. Note the limited use of capitals. 

Check all citations (such as title, volume num- 
ber, pages, and date) for completeness. Check 
foreign titles for diaresis and other markings. 
Make certain that all citations are referred to in 
the text. 

List citations in alphabetical order (not in 
order of reference), then number them and indicate 
citations in the body of the text by Arabic numerals 
enclosed in parenthesis. 

Unpublished data, personal communications, 
and articles in preparation are not acceptable as 
literature citations, but should be referred to 
parenthetically in the text. Articles that are in 
press may be so designated in LITERATURE 
CITED. An article is not properly referred to as 
“in press” unless it has been accepted for publica- 
tion. The journal in which an in press article 
will appear should be included in the literature 
citation. 


1. Authorship List family name of first or 
sole author before listing initials or given name. 
Thereafter write names and initials (or given 
name) of all coauthors in their natural order. 
Use initials for a man’s given name; write out 
a woman’s given name: Reeves, A.C., R. D. 
Jones, and Helen Smith. 
2. Date The year belongs immediately after 
the author’s name. 
H. Hypuens Avoid dividing a word at the end 
of a line. Such division increases the likelihood 
of a printer’s error. 
I. UNbeERLINING In general, do not underscore 
anything. When copy is marked for the printer, 
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headings, scientific names, etc., will be underscored 
in the Editor’s office. Exception: rarely a word 
or phrase may be underlined for appropriate em- 
phasis. 
}. Spettrnc Draw a box around unusual spelling 
to indicate that the word has been spelled correct- 
ly. 
II]. PREPARING TABLES 
Authors should set up their tables in a form con- 
sistent with recent issues of PLANT PHYSIOLOGY. 
Number tables consecutively in Roman numerals and 
place the author’s name on the back of each page. 
A. Copyritttnc Tables should be preplanned to 
fit one or two printed columns (3 inches or 6% 
inches wide, respectively) and not to exceed 8% 
inches in height, including heading, body, and 
footnotes. Tables may not be rotated 90°. 

On the average, about 52 typewriter spaces 
(excluding the new executive style of typewriter) 
fill one 3-inch line of type of the size normally used 
in tables; ten double spaced typewritten lines re- 
quire 1 inch of the available vertical printed space. 
B. Numerats Check tabular data as well as nu- 
merical values reported in the text for the proper 
number of significant figures. Frequently authors 
report more digits than are significant. Use 
three dots (not a dash) to indicate a blank in a 
table: ... For decimals smaller than one, insert 
a zero before the decimal point: 0.349. 

C. Footnote DesicNaTions Refer to footnotes by 
the asterisk, double asterisk, triple asterisk, dagger, 
double dagger, and section, in this sequence, as 
needed : *, **, ***, +, tt, ¢. Place all explanatory 
material in footnotes rather than in the heading 
or columnar headings, both of which should be as 
brief as possible without sacrificing clarity. 

D. HeEapincs aNpD Footnotes Wherever possible, 
omit unnecessary articles such as “the”, “a”, in 
headings and notes. Also avoid bulky preposi- 
tional phrases. 


IV. ILLUSTRATIONS 
A. Prints For Review For manuscript review it 
is satisfactory to furnish illustrations which have 
been reproduced by such economical copy methods 
as Verifax and blue print. Thus prints which 
will be used for publication need not be sent 
through the mail repeatedly. Do not send original 
drawings or photos at any time. 
B. Prints For Repropuction After your manu- 
script has been accepted for publication you must 
submit good quality glossy prints (glossies) for 
making electrotypes. 
1. Kinds of Illustrations Figures are of two 
kinds, line drawings and halftones. Line draw- 
ings are just that—line drawings usually done 
with India ink on white paper. Halftones, in 
contrast to line drawings, are not just black 
and white, but they also are shaded from black 
to white. Because halftones are photographed 


through a screen some detail is lost in repro- 
duction. 


2. Special Treatment of Photographs For 
illustrations in which it is especially important 
to bring out all the detail present in the orig- 
inal photograph special processing will be 
undertaken. Should your paper contain elec- 
tron-micrographs, radioautographs, or other 
material whose reproduction should be deemed 
critical, call the editor’s attention to the need 
for special processing. 


> 


3. Good Illustrations Plan in advance for 
clear, legible illustrations. Line drawings 
should be intensely black on white; halftones 
should have good contrast and be in sharp focus 
throughout. No glossy should contain blem- 
ishes. Do not use paper clips on photos; 
grooves, gouges, and creases show when repro- 
duced. 

Generally the appearance of a graph is im- 
proved if the top and right sides are boxed in 
by lines of the same weight as the abscissa and 
ordinate. 

Guided lettering is preferable to hand letter- 

ing or typing. 
4. Size Although the Editor determines the 
final printed size of an illustration, an author 
should plan for maximum reduction. If 
symbols, such as triangles, circles, and squares 
(or letters and numerals) are not sufficiently 
large to begin with, they may become mere 
blurs when reproduced. Any letter smaller 
than 1 mm may be illegible. Exceedingly large 
symbols, thick lines, or heavy numerals may 
become unsightly when reduced. 

Figures are reproduced the same size (x1) 
or they are reduced. (Enlarging magnifies 
defects.) Illustrations are fitted either into 
3 inch or 6% inch column widths. Although 
occasionally an illustration must be 814 inches 
high, this is undesirable. One should allow 
space at the bottom for the figure legend. It 
may help vou to sketch a rough onion skin 
overlay of a typical Journal page layout for 
estimating final reduced size of an illustration. 
Final size, however, cannot be estimated until 
after illustrations are properly grouped and 
mounted. 


5. Grouping One large illustration is cheap- 
er to reproduce than three to six small ones, 
so as far as possible group all figures. Mount 
similar figures close together. Place halftone 
and line drawings in separate groups. 

Limit the area of each photograph to that 
which is necessary to show pertinent details. 
Trim off irrelevant portions and minimize 
blank space. 


6. Mounting Mount all illustrations with 
rubber cement on white cardboard or stiff white 
paper. Total size should not exceed 9 x 11 
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inches. Anything larger than an ordinary file 
folder is easily mutilated; it also requires spe- 
cial packaging and handling. 

7. Identification Place the author’s name on 
the back of each figure and legend. Place the 
figure number on the back of each figure. 
Identification insures against misplacement. 


SUBMITTING MANUSCRIPTS 

Send the original copy of the manuscript, the first 
carbon, and two copies of all illustrative material to 
the [ditor, Dr. Allan H. Brown; Department of 
Botany; University of Minnesota; Minneapolis 14, 
Minn. Retain a carbon copy of your manuscript and 
original photographs or drawings to insure against 
loss. 

VILANT PHYSIOLOGY does not accept a manu- 
script which has not been submitted directly by an 
author. If your manuscript is submitted by someone 
other than one of the authors, send a letter to this 
office stating that you wish to publish that particular 
manuscript in PLANT PHYSIOLOGY. Your 
manuscript cannot be processed until this letter is 
received. This precaution protects you as well as 
the Journal. 


VI. Processtnc MANUSCRIPT 


A. Review The manuscript will be sent usually 
to two reviewers familiar with that field of re- 
search covered by the paper. Each reviewer 
evaluates the manuscript, suggests improvements, 


and recommends accepting or rejecting the paper. 
Usually two months suffice for review and decision. 
When there is marked disagreement between re- 
viewers, the Editor may appoint a referee (often 
a member of the Editorial Board) to evaluate the 
manuscript in light of the reviews; the referee 
recommends either for or against acceptance. 

B. Revision Manuscripts returned to the author 
for revision should be sent back to the Editor with- 
in two months; otherwise the paper will be pub- 
lished under the date of receipt of the revised 
manuscript and not the original date. 


Retype each page on which there are exte:isive © 
changes. 4 
C. Gattey Proor This will be sent to the person 7 
designated on page 1 above the title. (See IIT D 1). 4 

1. Returning Proofs Return only one sct of 7 

galley proofs to Editor. Keep any other set © 

for reference. Be certain to notify Editor ” 

promptly of change of address, so galleys can 7 

be sent to the correct address. 

2. Charges for Errors You will not be 7 

charged for correcting printer’s errors, BUT 

you will be charged at cost for all changes or | 
corrections in galley which are your fauk, % 

Here are two ways to minimize charges: 

a. Proofread Manuscript Check ALL 
references carefully BEFORE submitting 
manuscript to Editor. Corrections in typ- 
ing are easy to make, whereas corrections 
in galley or page proof are expensive and © 
sometimes difficult to make. 
b. Corrections Where a correction is op- 5 
tional remember that a change made near = 
the beginning of a paragraph can necessi- § 
tate resetting every subsequent line to the 
end of the paragraph. The printer charges ~ 
for each line he must reset to correct an 
error, so weigh the cost against the im- — 
portance of the change you propose. 
D. Detays In general, a manuscript should be 
reviewed and returned to you with the Editor’s 
decision within two months. After you send a re- 
vised manuscript to the Editor allow 2% months 
for galleys to be sent you for correcting. Should 
you find that processing your manuscript has 
taken an unusually long time at either stage, it 
would be well to inquire of the Editor as to the 
cause of the delay. (This is a precaution against 
unrecognized loss of manuscripts in the mail—a 
rare event, but it happens.) 
E. Errata If necessary, an errata will be pub- 
lished for each volume. Authors therefore are 
requested to call the attention of the Editor to any © 
significant errors in their published manuscripts. 








